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ABSTRACT
Background: Current dietary recommendations for cardiovascular disease (CVD) prevention focus more on dietary

patterns than on single nutrients. However, randomized controlled trials using whole-diet approaches to study effects on

both fasting and postprandial CVD risk markers are limited.

Objective: This randomized parallel trial compared the effects of a healthy diet (HD) with those of a typical Western

diet (WD) on fasting and postprandial CVD risk markers in overweight and obese adults.

Methods: After a 2-wk run-in period, 40 men and women (50–70 y; BMI: 25–35 kg/m2) consumed the HD (high in fruit

and vegetables, pulses, fibers, nuts, fatty fish, polyunsaturated fatty acids; low in salt and high-glycemic carbohydrates;

n = 19) or the WD (less fruit, vegetables, and fibers; no nuts and fatty fish; and more saturated fatty acids and simple

carbohydrates; n = 21) for 6 wk. Fasting and postprandial cardiometabolic risk markers were assessed as secondary

outcome parameters during a 5-h mixed-meal challenge, and a per protocol analysis was performed using 1-factor

ANCOVA or linear mixed models.

Results: Differences in diet-induced changes are expressed relative to the HD group. Changes in fasting plasma

total cholesterol (–0.57 ± 0.12 mmol/L, P < 0.001), LDL cholesterol (–0.41 ± 0.12 mmol/L, P < 0.01), apolipoprotein

B100 (–0.09 ± 0.03 g/L, P < 0.01), and apolipoprotein A1 (–0.06 ± 0.03 g/L, P = 0.05) were significantly different

between the diet groups. Changes in postprandial plasma triacylglycerol (diet × time, P < 0.001) and apolipoprotein B48

(P < 0.01) differed significantly between the groups with clear improvements on the HD, although fasting triacylglycerols

(–0.24 ± 0.13 mmol/L, P = 0.06) and apolipoprotein B48 (1.04 ± 0.67 mg/L, P = 0.40) did not. Significant differences

between the diets were also detected in fasting systolic (–6.9 ± 3.1 mmHg, P < 0.05) and 24-h systolic (–5.0 ± 1.7 mmHg,

P < 0.01) and diastolic (–3.3 ± 1.1 mmHg, P < 0.01) blood pressure.

Conclusion: A whole-diet approach targeted multiple fasting and postprandial CVD risk markers in overweight and

obese adults. In fact, the postprandial measurements provided important additional information to estimate CVD risk.

This trial is registered at clinicaltrials.gov as NCT02519127. J Nutr 2020;150:2942–2949.
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Introduction

An increased BMI (in kg/m2), elevated serum LDL cholesterol
concentrations, and a raised blood pressure are well-established
risk markers for developing cardiovascular disease (CVD) (1).
Therefore, in addition to physical activity and maintaining a
normal body weight, a healthy diet is of utmost importance for
CVD prevention. However, the relation between diet and CVD
risk has mostly been investigated focusing on single nutrients,
while studies using whole-diet approaches are still limited (2).
In fact, the impact of nutrition on cardiovascular health can be

studied at 3 different levels: nutrients, foods or food groups,
and dietary patterns (2). Since dietary patterns are composed of
foods, and foods deliver nutrients, these levels are inextricably
linked (3). Studies focusing on isolated nutrients (e.g., dietary
fibers, PUFAs, vitamins, and minerals) not only provide insight
into cardiometabolic health effects but are also important for
understanding the mechanisms behind the effects observed.
Dietary patterns, however, better reflect the real-life situation in
which eating a combination of foods delivers a wide variety of
different nutrients (4). The combination of multiple nutrients
and other food components may lead to different or even
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more advanced health effects than single nutrients only (3). For
example, fruit and vegetables are important sources of fiber,
vitamins, minerals, and polyphenols, displaying antioxidative
properties and delivering a lower glycemic load and energy
density. It has been suggested that this combination of beneficial
characteristics enhances the lowering effect on CVD risk by
targeting a wider spectrum of CVD risk markers (5). A well-
known diet for CVD management is the Mediterranean diet,
characterized by a high amount of fruit and vegetables, whole-
grain products, and olive oil and less meat, dairy products,
and solid fats. However, due to the many variations of this
diet, results are inconsistent across randomized controlled trials,
and more studies in non-Mediterranean countries are needed
to demonstrate the generalization of the Mediterranean diet
recommendations (6).

Not only whole diets compared with nutrients but also
postprandial CVD risk markers compared with the traditional
fasting measurements have been suggested to be more reflective
of a real-life situation. Postprandial dyslipidemia has been
identified as an important CVD risk factor, and postprandial
triglycerides have been independently associated with cardio-
vascular events (7, 8). Considering that we spend most of our
daytime in the nonfasting state, measuring postprandial profiles
of CVD risk markers may be more indicative of cardiometabolic
health than fasting values only (9).

The objective of this study was to assess the impact of
a whole-diet approach with a healthy diet (HD) providing
a combination of beneficial macro- and micronutrients (10)
as compared with a more common Western diet (WD) on
cardiometabolic risk markers under fasting and postprandial
conditions during a 5-h mixed-meal challenge. We hypothe-
sized that the HD compared with the WD would improve
fasting CVD risk markers and postprandial responses to
the mixed meal and that the postprandial measurements
would provide additional information above that of fasting
values.

Subjects and Methods
Subjects
Overweight and obese men and women (aged 50–70 y) with a
BMI between 25 and 35 were recruited via advertisements in local
newspapers. Inclusion and exclusion criteria have been described
in detail previously (10). Briefly, exclusion criteria were a fasting
plasma glucose concentration of ≥6.9 mmol/L, smoking, shift work,
excessive alcohol consumption (>7 beverages/wk), medically prescribed
or slimming diets, being vegetarian, excessive moderate to vigorous
physical activity (≥3 h/wk), and medication use likely to interfere with
the study measurements. All participants gave their written informed
consent prior to the start of the study. The study was conducted
according to the guidelines stated in the Declaration of Helsinki, and the
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protocol was approved by the medical ethical committee of Maastricht
University Medical Centre+ and registered at www.clinicaltrials.gov as
NCT02519127.

Study design
The study design has been explained in detailed previously (10). In
short, this study was a parallel-designed randomized trial with 2
intervention groups. All participants received the WD during a 2-wk
run-in period. After the run-in period, all participants underwent a 5-h
mixed-meal challenge to assess fasting and postprandial plasma CVD
risk markers, as well as a hyperinsulinemic euglycemic clamp to assess
insulin sensitivity and metabolic flexibility within the same week. All
fasting and postprandial plasma markers, as well as insulin sensitivity,
are considered secondary outcome parameters. The methodology and
results of the clamp, as well as the main outcome parameter of this trial,
metabolic flexibility (�RQ: the change in respiratory quotient upon
insulin stimulation), have been reported previously (10). Randomization
was based on a computer-generated stratified (men, women, and
couples) randomization scheme, and participants were allocated to
either the WD or the HD diet for 6 wk. Participants visited the test
facility weekly to discuss the diets and meal plans with a research
dietitian, to have their weight and waist circumference monitored,
and to receive the required food products. In addition to the weekly
appointments with the research dietitian, participants were asked to
monitor their daily food intake by keeping a 3-d food diary during the
run-in period and the final week of the intervention period. At the end
of the study, the mixed-meal challenge was repeated.

Diets
For each participant, energy intake was estimated using the Harris-
Benedict formula adjusted for the physical activity level (11, 12). As
described previously, these outcomes were translated into individual
dietary guidelines, as well as example menus and recipes, creating
clear differences between the 2 diets (10). For both the WD and the
HD, a standard set of food products was provided on a weekly basis,
providing ∼50% of the total energy intake while taking individual food
preferences into account. The rest of the products had to be bought by
the participants according to the dietary guidelines. The healthy diet
was high in fruit and vegetables, whole grains, pulses, fibers, nuts, and
fatty fish. On a nutrient level, the diet provided a higher amount of
PUFAs, less SFAs, and high-glycemic carbohydrates. To reduce dietary
sodium intake and increase potassium intake, participants in the HD
group were instructed to use sodium-reduced kitchen salt including
potassium chloride. The HD group was also asked to consume ≥1.75 kg
vegetables/wk, with 500 g rich in polyphenols (e.g., artichokes, broccoli,
or tomato), 500 g rich in polyphenols and nitrate (e.g., endive, spinach,
or beetroot), and 250 g rich in nitrate (e.g., rocket salat, kohlrabi, or
fennel). The remaining 500 g could be chosen freely based on personal
preference. The WD group was asked to avoid these vegetable groups
and to choose from varieties that are relatively low in nitrate and/or
polyphenols (e.g., mushrooms, carrots, or zucchini). In addition, the HD
group was asked to consume ≥2 cups of green, black, or herbal tea per
day, while the WD group was advised not to change their tea-drinking
habits. Participants were instructed to adhere to their recommended
energy intakes to prevent changes in body weight throughout the study.
In case of weight loss or gain, additional counseling was provided,
and energy intake was adjusted if necessary. The target nutrient
compositions of both diets have been described earlier and are shown
in Supplementary Table 1 (10). Example menus for both intervention
groups are shown in Supplementary Table 2.

Test days and measurements

Mixed-meal challenge.
Participants were asked to refrain from physical activity and from
consumption of alcoholic drinks 2 d prior to the test days. On the
evening before the test days, participants were instructed to consume
a standardized dinner and to abstain from any other foods and drinks,
except for water, after 22:00. The standardized dinner was the same
for both intervention groups at the end of the run-in period and
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consisted of a commercially available ready-to-eat meal and dessert
(761 kcal, 106 g carbohydrates, 25 g fat, and 28 g protein). The meal
differed for the HD at the end of the intervention period (682 kcal,
71 g carbohydrates, 26 g fat, and 41 g protein), reflecting the targeted
differences in macronutrient composition between the diets. After an
overnight fast, participants came to the test facility at the Maastricht
University, and a cannula was inserted in the antecubital vein for
collecting a fasting blood sample. In addition, office blood pressure and
endothelial function were determined. After the baseline measurements,
participants were asked to consume a test meal in the form of a shake,
resembling the composition of a mixed meal, within 10 min, as described
previously (10) (Supplementary Table 3). The composition of the test
meal was the same for all participants, regardless of their diet allocation.
After consuming the shake, participants were asked not to eat or drink,
except for water, for 5 h. Postprandial blood samples were taken at
T15, T30, T45, T60, T90, T120, T180, T240, and T300 min after meal
consumption.

Office blood pressure.
Systolic blood pressure (SBP), diastolic blood pressure (DBP), and
heart rate were determined by calculating the mean of 3 consecutive
measurements with an automatic blood pressure monitor (OMRON
M7; OMRON Healthcare Europe BV). Before consumption of the
mixed meal, a fasting measurement was performed in a seated position
on the upper arm, which was not used for blood withdrawal. Mean
arterial pressure (MAP) was calculated as 1/3 × SBP + 2/3 × DBP,
and pulse pressure (PP) was calculated by subtracting DBP from SBP.
Postprandial office blood pressure was measured hourly at T60, T120,
T180, T240, and T300 after mixed-meal consumption.

Endothelial function.
To measure endothelial vasodilator function, the EndoPAT 2000
(Itamar Medical Ltd) was used, as described previously (13). For this
measurement, both index fingers were placed into 2 pneumatic probes
to determine pulse wave amplitude in response to reactive hyperemia.
A blood pressure cuff was placed on 1 arm to be occluded during the
measurement. The peripheral arterial tone (1) was monitored for 5 min
without inflating the cuff, followed by 5 min of blood flow occlusion
by cuff inflation. Finally, the cuff was released, and the peripheral
arterial tone (PAT) signal was measured for another 5 min. The reactive
hyperemia index (RHI) was quantified as the post- to preocclusion PAT
signal ratio in the occluded arm. RHI values were normalized to the
values in the nonoccluded control arm and corrected for the baseline
PAT signal. Endothelial vasodilator function was assessed before mixed-
meal consumption and again at T120 after meal consumption, and the
change in RHI was calculated (�RHI = RHIT120 – RHIT0).

24-h ambulatory blood pressure monitoring.
At the end of the run-in and the intervention periods, ambulatory blood
pressure was monitored for 24 h with the Mobil-O-Graph ambulatory
blood pressure monitor (I.E.M. GmbH). SBP, DBP, and heart rate (HR)
were measured every 15 min during daytime (07:00–23:00) and every
30 min during nighttime (23:00–07:00). MAP and PP were calculated in
the same way as for the office blood pressure measurements. Mean 24-h
and daytime and nighttime DBP, SBP, HR, MAP, and PP were calculated.
In addition, nighttime dipping was calculated as the difference between
mean daytime and mean nighttime blood pressure and expressed as a
percentage of the daytime value.

Blood sampling and analyses
Blood was sampled in EDTA-containing vacutainer tubes, centrifuged,
and stored as described previously (10). All risk markers were measured
in plasma, and samples from the same participant were analyzed within
the same analytical run at the end of the study. Fasting triacylglycerol
with correction for free glycerol (TAG; Sigma Aldrich Chemie), total
cholesterol, and HDL cholesterol (Roche Diagnostics GMBH), apoA1,
apoB100 (Horiba ABX), and apoB48 (ELISA; Shibayagi) were all
measured before and after the intervention. All fasting parameters,
except for apoB48, were measured from both test days, the mixed-meal

challenge, and the hyperinsulinemic euglycemic clamp (10). Fasting
LDL cholesterol was calculated using the Friedewald formula (14).
Since the formula is not valid with TAG concentrations exceeding
4.52 mmol/L, the LDL cholesterol concentration of 1 male participant
was not calculated. Postprandial TAGs and apoB48 were measured at
T30, T60, T120, T180, T240, and T300.

Statistical analyses
The primary outcome parameter of this study was the change in �RQ
during a hyperinsulinemic euglycemic clamp. Before the start of the
study, it was calculated that using a 2-sided α of 0.05, 16 participants
in each diet group should complete the study to reach a power of 80%
to detect a true difference of 0.04 in �RQ (15). To account for possible
dropouts, we aimed to recruit 40 participants. Five dropouts during the
run-in period were replaced, and 40 participants started and finalized
the intervention period.

Results are presented as means and SEMs. The statistical analyses
of fasting and postprandial parameters were performed as described
earlier (10). In short, the differences between the HD and WD group
in the diet-induced changes in fasting plasma markers measured before
and after the intervention were assessed by a 1-factor ANCOVA
with sex and baseline values of the outcome variable as covariates.
For fasting concentrations of total cholesterol, LDL cholesterol, HDL
cholesterol, and TAGs, the mean value of both test days (the mixed-
meal challenge and the clamp days) was used for statistical analysis.
For the postprandial plasma markers measured during the 5-h mixed
meal before and after the intervention, a repeated-measures linear mixed
model was used to examine the differences between the diet-induced
overall changes (post-WD – pre-WD) compared with (post-HD – pre-
HD). All models contained diet, time, and the diet × time interaction
as fixed factors. Subject code was added as random factor. Sex, BMI,
and age entered the model as covariates. Normality of the residuals was
tested by visual inspection, as well as statistically using a Shapiro-Wilk
test. The data of all outcome parameters met the normality assumptions.
All measured plasma biomarkers as well as office blood pressure and
endothelial function were defined as secondary end points and the 24-h
blood pressure measurements as exploratory end points.

For both fasting and postprandial testing, differences were consid-
ered statistically significant at a 2-sided significance level of P < 0.05.
The estimated differences and the 95% CIs of these differences are
reported.

Results
Baseline characteristics and compliance

After screening, 45 participants were eligible for participation
and were randomly allocated to either the HD (n = 22)
or the WD (n = 23) group. The mean plasma glucose
value from the screening visit was 5.27 ± 0.07 mmol/L
(range: 4.4–6.2 mmol/L). As described previously, 5 participants
discontinued the study due to difficulties with diet compliance
(2 male and 1 female) and for non-study-related reasons (2
male). Finally, 40 participants were considered compliant and
therefore included in the analysis, as shown in Supplementary
Figure 1 (10). The baseline characteristics and the measured
compliance markers, including urinary sodium and potassium,
weight and waist circumference, and physical activity, have been
reported earlier (10). The baseline characteristics are shown in
Supplementary Table 4. Diet compliance was high, as shown
by the analyses of the 3-d food diaries. The reported changes
in nutrient intakes are shown in Figure 1 and Supplementary
Table 5.

Fasting cardiometabolic risk markers

Differences in the diet-induced changes are expressed
relative to the HD group. Changes in total cholesterol
(–0.57 ± 0.12 mmol/L, P < 0.001), LDL cholesterol
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FIGURE 1 Daily intakes of macronutrients and fatty acids obtained
from 3-d food diaries at the end of the WD and HD intervention
periods in overweight and obese adults. Data are mean ± SEM, n = 19
(HD) or 21 (WD). ∗Significantly different between the diets. CHO,
carbohydrate; HD, healthy diet; WD, Western diet.

(–0.41 ± 0.12 mmol/L, P = 0.001), and apoB100 (–
0.09 ± 0.03 g/L, P = 0.001) were significantly different
between the diet groups (Table 1). Changes in HDL cholesterol
concentrations were comparable between the 2 groups (–
0.05 ± 0.03 mmol/L, P = 0.101), while apoA1 changed
significantly different (–0.06 ± 0.03 g/L, P = 0.050). Plasma
fasting TAG (–0.24 ± 0.13 mmol/L, P = 0.063) and apoB48
(1.04 ± 0.67 mg/L, P = 0.396) concentrations decreased on
the HD, but these changes were not significantly different
compared with the WD (Table 1).

Postprandial cardiometabolic risk markers

Changes in postprandial TAGs were significantly different
between the diets (diet × time, P < 0.001) with decreases in
the HD group compared with increases on the WD at T120
(P < 0.05), T180 (P < 0.001), T240 (P < 0.001), and T300
(P < 0.001) after mixed-meal consumption (Figure 2A, B).
Significant diet effects were observed for postprandial apoB48
(P = 0.002, Figure 2C, D). Also, changes in the incremental
area under the curves for TAG (–97.5 ± 19.7 mmol/L·min,
P < 0.001) and apoB48 (–235 ± 73.6 mg/L·min, P = 0.003)
were significantly different between the groups (Table 1).

Office blood pressure and endothelial function

Fasting systolic blood pressure decreased more with the HD
compared with the WD (–6.9 ± 3.1 mmHg, P = 0.031,
Table 2). Diet-induced changes in postprandial systolic blood
pressure did not differ between the diet groups (P = 0.429).
Changes in fasting diastolic blood pressure were also not signif-
icantly different between the diet groups (–3.1 ± 1.7 mmHg,
P = 0.069, Table 2). After baseline corrections, changes in
postprandial diastolic blood pressure were comparable between
the groups (P = 0.247). Changes in MAP (–4.4 ± 2.0 mmHg,
P = 0.037) but not PP (–3.9 ± 2.0 mmHg, P = 0.058) were
significantly different between the diet groups. No diet effects on
fasting (–1.5 ± 1.2 mmHg, P = 0.230) and postprandial heart
rate (P = 0.796) were observed. Endothelial function, expressed
as the change in reactive hyperemia index after mixed-meal
consumption (�RHI), was also not significantly affected by the
interventions (–0.2 ± 0.3, P = 0.390).

24-h ambulatory blood pressure

Changes in mean 24-h SBP (–5.0 ± 1.7 mmHg, P = 0.007),
DBP (–3.3 ± 1.1 mmHg, P = 0.006), MAP (–3.8 ± 1.3 mmHg,
P = 0.008), and PP (–2.2 ± 1.0 mmHg, P = 0.031) were
significantly different between diets (Table 2). Ambulatory HR
did not significantly differ (0.0 ± 1.5 mmHg, P = 0.986). Sep-
arate analyses of daytime measurements showed significantly
different responses for SBP (P = 0.014), DBP (P = 0.005), and
MAP (P = 0.007) but not PP (P = 0.084) and HR (P = 0.829),
with diet-induced decreases on the HD and increases on the WD
(Table 2). No statistically significant differences were detected in
nighttime SBP, DBP, MAP, PP, and HR and in nighttime dipping
of SBP and DBP (Table 2).

Discussion

In this randomized study with overweight and obese partic-
ipants, we showed that 6 wk on a healthy diet rich in fruit
and vegetables, pulses, fibers, nuts, and fatty fish and low in
foods rich in SFA and high-glycemic carbohydrates significantly
reduced total cholesterol, LDL cholesterol, and apoB100, as
well as postprandial TAGs and apoB48 concentrations. Blood
pressure also improved, but endothelial function did not.

It is well established that water-soluble dietary fibers
effectively lower plasma LDL-cholesterol concentrations (16,

TABLE 1 Fasting plasma cardiometabolic risk markers and iAUCs at the end of the run-in period and at the end of the 6-wk
interventions in overweight and obese adults and the mean differences between the healthy diet group and the Western diet group1

WD (n = 21) HD (n = 19) Treatment effect2

Characteristic Run-in Intervention Run-in Intervention Mean differences 95% CI P value

Total cholesterol, mmol/L 5.37 ± 0.17 5.29 ± 0.18 5.54 ± 0.20 4.87 ± 0.18 –0.57 ± 0.12 –0.81, –0.33 <0.001
LDL-C, mmol/L 3.52 ± 0.14 3.47 ± 0.16 3.57 ± 0.17 3.14 ± 0.14 –0.41 ± 0.12 –0.65, –0.18 0.001
HDL-C, mmol/L 1.22 ± 0.07 1.21 ± 0.07 1.24 ± 0.06 1.19 ± 0.05 –0.05 ± 0.03 –0.12, 0.01 0.101
LDL-C/HDL-C 3.10 ± 1.09 3.08 ± 1.17 2.93 ± 0.77 2.57 ± 0.62 –0.35 ± 0.10 –0.56, –0.14 0.002
TAG, mmol/L 1.40 ± 0.12 1.35 ± 0.09 1.62 ± 0.25 1.20 ± 0.14 –0.24 ± 0.13 –0.50, 0.01 0.064
ApoB100, g/L 1.08 ± 0.04 1.06 ± 0.05 1.09 ± 0.05 0.98 ± 0.04 –0.09 ± 0.03 –0.15, –0.04 0.001
ApoA1, g/L 1.36 ± 0.05 1.36 ± 0.05 1.42 ± 0.04 1.35 ± 0.05 –0.06 ± 0.03 –0.13, 0.00 0.050
ApoB100/apoA1 0.82 ± 0.23 0.81 ± 0.25 0.78 ± 0.14 0.73 ± 0.12 –0.04 ± 0.02 –0.08, 0.01 0.129
ApoB48, mg/L 5.21 ± 0.49 5.30 ± 0.56 5.52 ± 0.87 4.83 ± 0.52 –0.59 ± 0.69 –0.31, 2.39 0.396
iAUC TAG, mmol/L·min 138 ± 13.3 188 ± 14.1 192 ± 19.5 126 ± 12.6 –97.5 ± 19.7 –137, –57.5 <0.001
iAUC apoB48, mg/L·min 450 ± 51.5 577 ± 50.4 564 ± 43.7 425 ± 47.4 –235 ± 73.6 –385, –85.1 0.003

1Data are expressed as means ± SEMs. HD, healthy diet; iAUC, incremental area under the curve; TAG, triacylglycerol; WD, Western diet.
2Mean difference in the change between the HD and WD groups with 95% CI obtained from a 1-factor ANCOVA with sex and baseline value as covariates.
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FIGURE 2 Postprandial plasma triacylglycerol (TAG) (A) and apoB48 (C) concentrations during the 5-h mixed-meal challenge at the end of the
run-in and 6-wk WD or HD intervention periods and changes in their concentrations (B, D) in overweight and obese adults. Data are mean ± SEM,
n = 19 (HD) or 21 (WD). ∗Significantly different between the diets. HD, healthy diet; WD, Western diet.

17). Due to the wide variety of foods, the HD diet provided
many different fibers, many of which had comparable effects
on LDL cholesterol (16). It should be noted, however, that the
pronounced decrease of 0.42 mmol/L in LDL cholesterol in our
study was probably not solely due to the increased fiber intake
but also from the replacement of SFAs by unsaturated fatty
acids (18) and the decrease in cholesterol intake (19). Although
HDL-cholesterol concentrations did not decrease significantly
in the HD group, apoA1 concentrations—the major protein
component of the HDL particle—did. This effect may be related
to the exchange of saturated for unsaturated fatty acids (20).
It is unlikely that the replacement of protein for carbohydrates
explains the observed decreases in apoA1, as carbohydrates and
proteins may have comparable effects on apoAI concentrations
(21). Other dietary factors that changed with the HD, such as
intakes of fiber, omega-3 [ω-3 (n–3)] fatty acids, fish, nuts, and
cholesterol, do also not have significant effects on fasting apoA1
(22).

No significant effects on serum fasting TAG concentrations
were observed, despite an increase in the intake of ω-3 long-
chain PUFAs (LCPUFAs) from fatty fish (23), which are well
known for their TAG-lowering effects. However, effects are
mainly evident with supplemental amounts of 2–4 g/d (24,
25). As the HD group only consumed ∼0.7 g of EPA and
DHA per day, this relatively low intake may explain the lack
of a significant effect on fasting serum TAGs. In addition,
TAG-lowering effects of LCPUFAs are more pronounced in

hypertriglyceridemic patients (26), which might be another
reason for the lack of effect in our normotriglyceridemic group.
Participants in the HD group also consumed daily 3.4 g of the
essential ω-3 fatty acid α-linolenic acid (ALA). However, ALA
and EPA + DHA do not have comparable effects on serum TAG
concentrations (27), possibly because the conversion of ALA
into EPA and DHA is limited in humans (28).

In contrast to fasting TAG concentrations, the HD diet
lowered postprandial TAG responses during the mixed-meal
challenge. Schaefer et al. (29) also found significant decreases
in postprandial but not in fasting TAG concentrations when
participants consumed a diet rich in fish-derived fatty acids.
However, they provided LCPUFA-enriched meals during the
postprandial challenge test. Park and Harris (30) did not
provide LCPUFAs on the day of the meal challenge test
and also found decreased postprandial but not fasting TAG
concentrations after a 4-wk intervention with a supplemental
daily intake of 4 g of EPA or DHA. With regard to ALA,
Finnegan et al. (31) concluded that a modest daily intake for 6
mo does not reproduce the postprandial TAG-lowering effects
of EPA + DHA. Concentrations of postprandial apoB48, the
characteristic protein of chylomicrons, were also significantly
decreased in the HD group after meal intake. As each
chylomicron contains 1 apoB48 molecule, our results suggest
that less circulating chylomicron particles were present in the
HD group. Therefore, a relatively low daily intake of LCPUFAs
may reduce postprandial lipemia, even when not provided with
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TABLE 2 Ambulatory 24-h blood pressure, office blood pressure, and endothelial function at the end of the run-in period and at the
end of the 6-wk interventions in overweight and obese adults and the mean differences between the healthy diet group and the
Western diet group1

WD (n = 21) HD (n = 19) Treatment effect2

Characteristic Run-in Intervention Run-in Intervention Mean differences 95% CI P value

Office blood pressure
SBP, mmHg 135 ± 2.89 132 ± 3.09 133 ± 2.97 123 ± 3.02 –6.9 ± 3.1 –13.2, –0.7 0.031
DBP, mmHg 85.2 ± 1.52 83.8 ± 1.54 83.9 ± 2.23 79.9 ± 1.81 –3.1 ± 1.7 –6.5, 0.2 0.069
MAP, mmHg 101.8 ± 1.87 99.9 ± 1.95 100.2 ± 2.31 94.5 ± 2.07 –4.4 ± 2.0 –8.5, –0.3 0.037
PP, mmHg 49.6 ± 1.94 48.3 ± 2.08 48.8 ± 2.04 43.7 ± 2.06 –3.9 ± 2.0 –8.0, 0.1 0.058
HR, bpm 59.3 ± 1.67 59.4 ± 1.57 56.2 ± 1.40 55.6 ± 1.15 –1.5 ± 1.2 –4.0, 1.0 0.230

Endothelial function
�RHI, T120–T0 –0.43 ± 0.17 –0.19 ± 0.17 –0.23 ± 0.19 –0.38 ± 0.18 –0.2 ± 0.3 –0.7, 0.3 0.390

Ambulatory 24-h blood pressure
SBP, mmHg 131.4 ± 2.02 133.7 ± 2.36 127.8 ± 2.29 125.3 ± 2.39 –5.0 ± 1.7 –8.5, –1.5 0.007
DBP, mmHg 82.6 ± 1.40 83.4 ± 1.30 80.4 ± 1.90 78.2 ± 1.95 –3.3 ± 1.1 –5.6, –1.0 0.006
MAP, mmHg 105.0 ± 1.53 106.4 ± 1.64 102.1 ± 1.89 99.9 ± 1.97 –3.8 ± 1.3 –6.5, –1.1 0.008
PP, mmHg 48.1 ± 1.11 50.3 ± 1.82 47.6 ± 1.64 47.2 ± 1.64 –2.2 ± 1.0 –4.1, –0.2 0.028
HR, bpm 69.9 ± 1.44 69.6 ± 1.65 67.6 ± 2.29 66.5 ± 1.94 0.0 ± 1.5 –2.9, 2.9 0.986
Nighttime dipping SBP, % 11.7 ± 1.40 11.6 ± 1.46 8.71 ± 1.41 9.44 ± 1.35 –1.2 ± 2.0 –5.3, 2.8 0.545
Nighttime dipping DBP, % 14.8 ± 1.44 14.1 ± 2.07 11.4 ± 1.56 11.5 ± 1.61 –1.0 ± 2.6 –6.3, 4.2 0.696

Ambulatory daytime blood pressure
SBP, mmHg 133.9 ± 1.98 136.2 ± 2.39 129.8 ± 2.37 127.2 ± 2.54 –5.1 ± 2.0 –9.1, –1.1 0.014
DBP, mmHg 84.7 ± 1.44 85.5 ± 1.34 82.0 ± 2.00 79.6 ± 2.01 –3.5 ± 1.1 –5.8, –1.1 0.005
MAP, mmHg 107.3 ± 1.51 108.8 ± 1.66 103.8 ± 1.99 101.4 ± 2.11 –4.2 ± 1.5 –7.2, –1.2 0.007
PP, mmHg 48.5 ± 1.13 50.9 ± 1.87 47.8 ± 1.70 47.6 ± 1.73 –1.9 ± 1.1 –4.1, 0.3 0.084
HR, bpm 71.8 ± 1.51 71.3 ± 1.70 69.6 ± 2.42 68.1 ± 2.00 –0.3 ± 1.6 –3.6, 2.9 0.829

Ambulatory nighttime blood pressure
SBP, mmHg 118.5 ± 2.86 120.4 ± 2.79 118.2 ± 2.50 114.9 ± 2.24 –5.3 ± 2.8 –10.9, 0.3 0.064
DBP, mmHg 72.1 ± 1.46 73.4 ± 2.01 72.5 ± 1.97 70.3 ± 1.80 –3.4 ± 2.1 –7.7, 0.9 0.121
MAP, mmHg 93.5 ± 2.01 95.0 ± 2.31 93.5 ± 2.11 90.6 ± 1.88 –4.4 ± 2.4 –9.2, 0.4 0.070
PP, mmHg 46.2 ± 1.18 47.1 ± 1.38 45.9 ± 1.40 44.6 ± 1.39 –2.1 ± 1.4 –4.9, 0.6 0.127
HR, bpm 60.9 ± 1.26 61.3 ± 1.82 59.4 ± 1.76 58.7 ± 1.72 –0.1 ± 1.5 –3.1, 2.9 0.931

1Data are expressed as means ± SEMs. DBP, diastolic blood pressure; HD, healthy diet; HR, heart rate; MAP, mean arterial pressure; PP, pulse pressure; RHI, reactive
hyperemia index; SBP, systolic blood pressure; WD, Western diet.
2Mean difference in the change between the HD and WD groups with 95% CI obtained from a 1-factor ANCOVA with sex and baseline value as covariates.

the meal challenge. Unfortunately, little is known about the
effect of high-protein diets on postprandial lipid responses
(32), and we do not know whether the replacement of 10%
carbohydrates with dietary protein has contributed to the
decreased postprandial TAG concentrations in the HD group.

Our results of plasma TAGs and apoB48 show that
measuring postprandial and fasting plasma markers may lead to
different conclusions. In agreement, we have previously shown
that fasting glucose values did not significantly differ between
the HD and the WD groups (10). Surprisingly, postprandial
glucose excursions during the mixed-meal challenge were
significantly higher with the HD. Here, the postprandial
measurements were particularly relevant since they revealed the
unexpected higher glucose responses to a high glycemic load
after following a healthy, low-glycemic diet (10). Therefore,
nonfasting risk markers should be considered when drawing
conclusions on metabolic health effects of dietary interventions.

The HD significantly reduced 24-h SBP, DBP, MAP, and
PP. It has been shown that 24-h SBP may better predict
cardiovascular mortality than office SBP (33). In addition, 24-h
measurements allowed us to determine daytime and nighttime
blood pressure separately and to calculate dipping, which is the
decrease in SBP and DBP during nighttime. Impaired dipping
has been defined as a risk factor for cardiovascular events and
mortality (34). It is known that a higher sodium intake does

not attenuate nocturnal dipping in normotensive adults (35).
Prather et al. (36) observed a trend for an intervention effect
of the well-known Dietary Approach to Stop Hypertension
(DASH) diet on nocturnal blood pressure dipping. However,
whole-diet approaches resulting in significant improvements
in dipping are currently missing. In our study, only changes
in daytime—and not in nighttime—SBP, DBP, and MAP
were significantly different between the groups. This may
be explained by the larger intraindividual variation of the
nighttime measurements, possibly related to the less frequent
measurements during the night. In addition, the portable blood
pressure monitor might have caused discomfort and sleep
disruptions in some participants. Although ambulatory blood
pressure is a validated predictor for CVD risk and mortality, it
was an exploratory parameter in our trial, and results should
therefore be interpreted with caution.

Blood pressure can be positively affected by combined
dietary approaches (37) such as the DASH diet (38) that
provides comparable food products as our HD diet. Overall,
this resulted in a decreased intake of sodium intake in the HD
group as reflected by the significantly lower urinary sodium
concentrations (10), which likely contributed to the favorable
reductions in blood pressure (39). In addition, potassium
intake significantly increased with the HD and may have
further decreased blood pressure (40). Another approach to
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reduce blood pressure is to increase the intake of nitrate
(NO3

−) (41), which is naturally present in vegetables like
beetroot, spinach, or rocket salad (42). After ingestion, NO3

−

is eventually converted to NO, which can act as a vasodilator
and thereby reduce blood pressure (43, 44). The nitrate
content of vegetables is dependent not only on the type of
vegetable but also on environmental factors (45). Therefore,
it is difficult to estimate the exact amount of nitrate from
750 g nitrate-rich vegetables in the HD and to predict to what
extent the NO pathway has contributed to the blood pressure
reduction. A number of human intervention trials have shown
the antihypertensive effect of green and black tea, possibly
related to the polyphenolic compounds (flavonoids) present in
tea that possess antioxidative properties (46). Together with the
polyphenol-rich vegetables, the regular consumption of tea in
the HD group may also have contributed to a lower BP. Since
we used a whole-diet approach, it can be speculated that the
increased intake of fiber (47) and fish oil (48) also contributed
to the reductions observed.

We did not find significant effects of the HD on endothelial
function during the mixed-meal challenge (�RHI). In an
acute study (49), a significant improvement in �RHI was
observed 4 h after the intake of a single-dose NO3

−-containing
supplement, which may result in a stronger vasodilating effect
than our long-term dietary intervention. In addition, the daily
intake of NO3

− of our participants was lower than the
supplemental daily amounts used in other human trials that
found an improvement in endothelial function (50). Recently,
Sweazea et al. (51) also found that nitrate from fruit and
vegetable supplements significantly reduced blood pressure but
not endothelial function measured by flow-mediated dilation
(FMD). Finally, our method (�RHI) might not be sensitive
enough to detect NO-mediated effects on endothelial function.
The PAT signal in the fingertips, reflecting small artery reactivity,
is only partly mediated by NO (52), whereas NO is the main
response mediator for the FMD measurement in the brachial
artery (53).

In this randomized human trial, we found beneficial effects
of a whole-diet approach on CVD risk markers in an overweight
or obese population. One limitation of our study was the early
randomization to the intervention groups. As all study dropouts
occurred during the run-in period, holding the randomization
until the end of the run-in period would have allowed the
preferred intention-to-treat analysis. Another limitation is the
possible introduction of type I errors (false positives) due to
multiple comparisons. We did not correct for this bias due
to the potential increase in the number of false negatives and
thus reporting important physiologic effects as statistically not
significant. Finally, due to the nature of the diets, blinding of
participants and study team was not possible, which could have
biased results.

In conclusion, a whole-diet approach targeting a wide variety
of CVD risk markers was a feasible dietary strategy to improve
not only fasting but also postprandial CVD risk markers. In fact,
the postprandial measurements provided important additional
information to estimate CVD risk beyond that of fasting values
only.
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