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Abstract

Background/objectives Numerous clinical trials have confirmed that supplementation with purified anthocyanins has
favorable effects on metabolic diseases, but the dose-response of dyslipidemia to anthocyanin supplementation remains
unclear. This study aimed to investigate the effect of anthocyanin supplementation in different doses on lipid profile.
Subjects/methods We randomly assigned 176 dyslipidemic subjects aged 35-70 to three purified anthocyanin groups
(40 mg/day, n =45; 80 mg/day, n =42; 320 mg/day, n =43) and a placebo group (n =46). Anthropometric parameters,
serum lipid profiles, and cholesterol efflux capacity (CEC) were measured at baseline, and at the end of 6 and 12 weeks.
Results After 12 weeks of supplementation, significant differences in CEC (P = 0.033), high-density lipoprotein cholesterol
(HDL-C) (P =0.043), and apolipoprotein A-I (ApoA-I) (P =0.022) were observed between four groups. Compared with
placebo, 320 mg/day anthocyanin significantly increased CEC (35.8%, 95% CI. 11.5-60.2%; P =0.004), HDL-C
(0.07 mmol/L, 95% CI: 0.01-0.14; P = 0.003), and ApoA-I (0.07 g/L, 95% CI: 0.01-0.12; P = 0.008). Linear trend analysis
showed that anthocyanin supplementation has a strong dose-response relationship with CEC (P = 0.002), HDL-C (P =
0.038), and ApoA-I (P =0.023). Moreover, the enhancement of CEC showed positive correlations with the increase in
HDL-C (r=0.215, P<0.01) and APOA-I (r=0.327, P<0.01).

Conclusions Anthocyanin supplementation at 0-320 mg/day for 12 weeks enhances CEC in a dose-response manner in
dyslipidemic subjects. Anthocyanin supplementation doses of 80-320 mg/day can improve serum HDL-C levels and HDL-
induced CEC.

Introduction

Supplementary information The online version of this article (https://
doi.org/10.1038/s41430-020-0609-4) contains supplementary

material, which is available to authorized users. Dyslipidemia, a major risk factor of cardiovascular dis-

ease (CVD), is closely related to the pathological devel-
opment of atherosclerosis [1, 2]. It is reported that death
from CVD accounts for 30% of all deaths per year
worldwide [3]. Without effective intervention, the inci-
dence of CVD caused by dyslipidemia in China will
increase by about 9.2 million in the near future [4].
Therefore, the prevention of dyslipidemia is of great
significance.

Numerous studies have confirmed a negative correla-
tion between the level of circulating high-density lipo-
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protein cholesterol (HDL-C) in the serum and the risk of
cardiovascular events [5, 6]. However, traditional stra-
tegies of CVD risk reduction that merely increase the
HDL-C level have not always yielded consistent out-
comes [7, 8]. Independent of serum HDL-C level, HDL
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particles have been shown to have atheroprotective
effects through various functions, such as reverse cho-
lesterol transport (RCT), anti-inflammatory, and anti-
oxidant functions [9]. Since cholesterol efflux from
macrophages is the initial and rate-limiting step of RCT,
cholesterol efflux capacity (CEC) is considered a sig-
nificant indicator in the assessment of HDL-C functions.
Moreover, several studies have shown a negative corre-
lation between HDL-induced CEC and both the incidence
and prevalence of CVD [10-12]. Therefore, improving
HDL function, especially in improving CEC, is expected
to effectively reduce CVD risk.

According to the 2018 American College of Cardiology/
American Heart Association guidelines, maintaining a
healthy diet is an appropriate approach for CVD risk
reduction [13]. Epidemiological studies have shown a
negative correlation between the intake of plant-based foods
that contain a variety of flavonoids and the risk of chronic
metabolic diseases [14]. Anthocyanins are the largest sub-
class of flavonoids, and they occur abundantly in commonly
consumed food, such as grapes, blueberries, black rice, and
red wine [15]. In our earlier studies, we found that sup-
plementation with purified anthocyanins had positive effects
on serum lipid profile, RCT, inflammatory disorders, and
endothelial function [16-18].

However, the dose-response relationship between
anthocyanin supplementation and dyslipidemia had not
yet been investigated. This made dietary recommenda-
tions to the general public difficult. Therefore, we
designed this randomized controlled trial to investigate
the dose—response relationship between supplementation
with purified anthocyanins over a 12-week period and
serum lipid profile, particularly the CEC, in subjects with
dyslipidemia.

Materials and methods
Study design and subjects’ recruitment

All the subjects were Chinese men and women aged 35-70
years with dyslipidemia. Methods of recruitment and details
of inclusion/exclusion criteria are given in Supplementary
information. All the study protocols were in compliance
with the Helsinki Declaration and approved by the ethics
committee of Sun Yat-sen University. All subjects provided
written informed consent. This trial has been registered at
clinicaltrials.gov as NCT03415503.

A statistician who did not participate in data collection
and analysis was in charge of randomization and manage-
ment of the packaged supplements. According to the ran-
dom numbers generated by computer, 176 subjects were
stratified by gender and allocated into four groups at
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recruitment: three groups who received 40 mg/day (n = 45),
80 mg/day (n=42), and 320 mg/day (n=43) of antho-
cyanin supplementation, respectively, and a placebo group
(n=46). The serial numbers and the supplements were
assigned to the subjects in the order of enrollment into the
trial. The subjects, researchers, and data analysts were all
blinded to the allocation information.

Supplement preparation

Anthocyanin capsules (Medox®) and placebo capsules of
identical weight and appearance were obtained from Med-
palett AS (Sandnes, Norway). The Medox capsules were of
two kinds, containing 40 or 80 mg of anthocyanin purified
from bilberry (Vaccinium myrtillus) and blackcurrant (Ribes
nigrum). The participants in each group ingested two cap-
sules twice a day after meals. They were also instructed to
maintain their normal lifestyle, and to avoid intake of
anthocyanin-containing supplements during the 12-week
trial. Capsules for 2 weeks were provided at baseline, and
on the second, fifth, and tenth weeks, the subjects were
instructed to visit the follow-up center and to return the
remaining capsules, which were counted to evaluate com-
pliance, and they were given new capsules for the
next phase.

Outcome measures

The primary outcomes of the trial were changes in CEC and
lipid profile. The secondary outcomes were changes in
anthropometric characteristics, liver and renal functions,
and serum-fasting glucose and insulin levels. The above-
mentioned data were collated at baseline, in the 6th week,
and at the end of the trial.

Basic information collection and anthropometric
assessments

At baseline, basic information, such as date of birth, sex,
marital status, level of education, occupation, smoking
status and alcohol consumption, and medical history were
collected. Anthropometric characteristics, including height,
weight, hip and waist circumferences, and blood pressure,
were recorded at baseline, in the sixth week, and at the end
of intervention. We repeated the measurement of anthro-
pometric characteristics twice and recorded the mean
values. To monitor their dietary habits and physical activity
during the trial, a 3-day 24-h dietary record was kept, and
the International Physical Activity Questionnaire was
completed three times. Data on physical activity were then
converted into metabolic equivalent [19], and dietary intake
of nutrients and anthocyanins was calculated based on the
Chinese Food Composition Table [20].
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Blood sample collection and laboratory
measurements

After overnight fasting of 10-12h, venous blood was col-
lected between 8:00 and 9:00 a.m. on the following day at
baseline, in the 6th week, and at the end of the trial. The
blood samples were centrifuged at 3000 x g for 15 mins to
isolate serum, which was divided into aliquots and stored at
—80 °C until analysis.

Enzymatic methods were used to determine the con-
centrations of HDL-C, low-density lipoprotein cholesterol
(LDL-C), total cholesterol (TC), and triglyceride (TG). The
concentrations of ApoA-I and apolipoprotein B were
determined by immunonephelometry. Blood glucose level
was determined using the hexokinase method. Insulin
concentration was ascertained using chemiluminescence.
HbAlc was determined by cation-exchange high-pressure
liquid chromatography (Bio-Rad Laboratories, CA, USA).
Serum concentrations of aspartate aminotransferase and
alanine aminotransferase were determined using the rate
method, and creatinine concentration was determined using
an enzymatic method. Total bilirubin was determined using
a diazotization method. We estimated glomerular filtration
rate (¢GFR) using the Modification of Diet in Renal Disease
Study equation for standardized serum creatinine [21]:
eGFR = 175 x (standardized serum creatinine in Ing/dl)’l'154
x age 2% x 0.742 (if female). eGFR is reported in ml/minute
per 1.73 m? of body surface area.

Assessment of CEC

CEC was assessed by measuring the efflux of fluorescence-
labeled cholesterol from J774 macrophages to apolipopro-
tein B-depleted plasma of study subjects with the use of a
previously published protocol [22] (details of the protocol
are provided in the Supplementary information).

Sample size estimation

Sample size estimation was conducted using the PASS
software (version 11.0, NCSS Inc.). In our previous clinical
trial, supplementation with 320 mg/day of anthocyanin
resulted in a 0.34 mmol/L (13.1 mg/dL) decrease in LDL-C
relative to treatment with placebo [17]. Based on the con-
ventional assumption of a two-tailed a level of 0.05 and B
level of 0.10, it was determined that 38 subjects should be
recruited per group. Allowing for a 10% dropout rate, at
least 42 subjects were needed in each group.

Statistical analysis

All statistical analyses were performed using SPSS (version
22.0, SPSS Inc.) and strictly followed the intention-to-treat

(ITT) principle. The method of the last observation carried
forward was used to process the missing values in the ITT
analysis. For categorical variables, analysis was performed
using the chi-square test. For continuous variables, data
were presented as mean+SD for normally distributed
variables. Logarithmic transformation was performed if the
variables were not normally distributed, and the data were
presented as median and interquartile range.

Repeated-measures analysis of variance was used to
analyze the main effect on groups over time. When there
was no interaction effect, the main effect showed statistical
inference of significance between the groups. Analysis of
covariance adjusting for covariates (baseline value, age, sex,
and body mass index) was performed to compare the means
of normally distributed variables between the four groups,
and the Student Newman—Keuls method was used for post
hoc multiple comparisons if equal variances were assumed,
while the Games—Howell method was used if equal var-
iances were not assumed. The paired #-test was used to
compare the differences in data values within each group at
baseline and at 6 or 12 weeks. Bivariate correlation analysis
was performed to assess the relationship between variables.
Dose-response relationship was investigated using linear
trend analysis. P <0.05 was considered significant.

Results
Subject characteristics at baseline and follow-up

As shown in Fig. 1, 176 eligible subjects were recruited and
randomized to four intervention groups at baseline
(46 subjects in the placebo group, 45 in the 40 mg/day
anthocyanin group, 42 in the 80 mg/day anthocyanin group,
and 43 in the 320 mg/day anthocyanin group). The subjects
recruited in this study were around 57 years old (57.41 =
7.95), and 26.1% of them were men. Baseline data,
including sociodemographic data, medical history, and
medication use, were collected before allocation, and the
data were comparable between the four groups. Moreover,
there were no significant differences in anthropometric
characteristics, dietary intake of nutrients and anthocyanins,
physical activity, and markers of liver and renal function,
glycemic control at baseline, or at follow-up between the
four groups (Table 1, Supplementary Tables 2—4).

In the follow-up period, seven participants (4.0%) with-
drew from the study and one had poor compliance (consumed
<80% of the provided capsules, and failed to complete all
assessments and sample collections [23]). The number of
subjects who dropped out was comparable between the four
groups (> =1.518, P =0.678), and a total of 169 subjects
completed the trial. The distribution of adverse events in four
groups is shown in Supplementary Table 1.
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Fig. 1 The participant
flowchart of the study. A total
of 601 subjects were included in
the initial screening, and 176
eligible subjects were recruited.
During the 12-week
intervention, 7 withdrew and
169 completed the study. A total

Initial screening by fasting lipid
profile (n=601)

Excluded

Drug use (n=148)

Not meeting dyslipidemia criteria (n=132)
€ Declined to participate (7=98)
Medical conditions (n=33)

. . . Others (n=14)
of 176 subjects were included in
the intention-to-treat analysis. Randomized
(n=176)
y
y
Placebo grou 40mg/day 80mg/day 320mg/day
(n:4%) P anthocyanin anthocyanin anthocyanin
(n=45) (n=42) (n=43)
3 3 }
Lost to follow up

(n=2)
Poor compliance
(n=1)

Lost to follow up Lost to follow up Lost to follow up
(n=1) (n=2) (n=1)

y

46 were included in
intention-to-treat
analysis

43 were included in
intention-to-treat
analysis

42 were included in
intention-to-treat
analysis

45 were included in
intention-to-treat
analysis

The effect of different doses of anthocyanin on lipid
profile and CEC

Baseline lipid profile and CEC were comparable between
the four groups. After 6 weeks of intervention, no sig-
nificant differences in CEC and lipid profile were observed
between the four groups. After 12 weeks of intervention,
significant differences in CEC (P =0.033), HDL-C level
(P=0.043), and ApoA-I level (P =0.022) were observed
between the four groups (Table 2). Compared with placebo,
supplementation with 320 mg/day of anthocyanin sig-
nificantly increases CEC (35.8%, 95% CI: 11.5-60.2%;
P =0.004), HDL-C level (0.07 mmol/L, 95% CI: 0.01-0.14;
P =0.003), and ApoA-I level (0.07 g/L, 95% CI: 0.01-0.12;
P =0.008). However, compared with placebo, anthocyanin
supplementation of 80 mg/day only improved ApoA-I level
(0.05 g/, 95% CI: 0.00-0.11; P =0.036).

In subjects who received anthocyanin supplementation of
320 mg/day, compared with baseline, CEC (25.1%, 95%
CI: 7.7-42.4%; P = 0.006) and ApoA-I (0.06 g/L, 95% CI:
0.03-0.08; P<0.001) levels increased significantly, while
LDL-C (—0.31 mmol/L, 95% CI. —0.46 to —0.17; P<
0.001), ApoB (—0.07 g/L, 95% CI: —0.11 to —0.03; P =
0.001), and TC (—0.34 mmol/L, 95% CI. —0.50 to —0.19;
P <0.001) levels decreased significantly after 12 weeks of
supplementation. In addition, when compared with 40 mg/
day anthocyanin group, the increase in CEC (29.8%, 95%
Cl: 5.4-543%; P=0.017) after 12-week anthocyanin
supplementation of 320 mg/day was also significant.
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Moreover, compared with placebo, 12-week anthocya-
nin supplementation of 40 mg/day, 80 mg/day, and 320 mg/
day improved CEC by 6.02, 19.10, and 35.84%, respec-
tively (P trend =0.002). In the three groups of subjects
who received 12-week anthocyanin supplementation, a
similar dose-response relationship was found with
improvements in HDL-C (P trend =0.038) and ApoA-I
levels (P trend = 0.023) (Fig. 2) with reductions in LDL-C
level (P trend = 0.050).

Correlations between CEC and lipid profile by
anthocyanin supplementation

At baseline and at 6 weeks, no correlations were found
between CEC and lipid profile (Table 3). After 12 weeks of
anthocyanin supplementation, CEC showed significant and
positive correlations with both HDL-C (r = 0.203, P <0.01)
and ApoA-I levels (r=0.211, P<0.01).

Correlations between changes over time (A) in CEC and
lipid profile are shown in Table 3. At 12 weeks, a positive
correlation was observed between enhancement of CEC and
increase in both HDL-C (r=0.215, P<0.01) and ApoA-I
levels (r=0.327, P<0.01) (Fig. 3). Partial correlation
analysis showed that the relationship between A CEC and A
ApoA-I persisted even after adjustment for changes in other
lipid parameters (r =0.244, P =0.002). Interestingly, sig-
nificant correlations were also found between A CEC and A
ApoA-I in all three groups that received anthocyanin sup-
plementation (r = 0.338, P = 0.025 in the 40 mg/day group;
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Table 1 Demographics and baseline characteristics of subjects.

Characteristics Placebo group (n= 40 mg/day ACN (n= 80 mg/day ACN (n= 320 mg/day ACN (n= P value

46) 45) 42) 43)

Demographics

Age (years) 56.13+6.42 57.58 £9.04 58.48 +7.46 57.57+8.75 0.459
Gender (male/female) 13/33 12/33 10/32 11/32 0.971
Education attainment 0.073
Primary school 1 (2.2%) 1 (2.2%) 1 (2.4%) 2 (4.7%)

Middle school 17 (37.0%) 16 (35.6%) 26 (61.9%) 25 (58.1%)

College 28 (60.9%) 28 (62.2%) 15 (35.7%) 16 (37.2%)

Occupations 0.997
Professionals/technicians 27 (58.7%) 27 (60.0%) 24 (57.1%) 23 (53.5%)
Sales/workers/farmers 14 (30.4%) 13 (28.9%) 14 (33.3%) 15 (34.9%)

Others 5 (10.9%) 5(11.1%) 4 (9.5%) 5 (11.6%)
Anthropometrics

Weight (kg) 61.26£9.24 60.76 + 12.06 59.61 +10.95 63.65+12.81 0.426
Waist circumference (cm) 83.83 £12.06 84.75+9.97 84.14 +£8.93 86.81 £9.65 0.542
WHR 0.88+0.11 0.89 +0.07 0.89£0.06 0.9+0.06 0.574
BMI (kg/m?) 23.56 +4.47 23.78 +3.17 23.77+3.11 24.76 +3.65 0.434
SBP (mmHg) 125.26 £ 14.87 118.40 £ 16.96 117.83 £ 14.68 119.85+12.86 0.201
DBP (mmHg) 80.32+8.34 75.49 £9.06 74.63 £8.52 75.98 +8.58 0.401
Heart rate (/min) 78.17 +10.20 75.21+£10.70 75.49 +15.69 75.81+£9.69 0.634
Lifestyle factors

Current smoking 3 (6.5%) 4 (8.9%) 2 (4.8%) 2 (4.7%) 0.829
Regular alcohol drinking 2 (4.3%) 1 (2.2%) 2 (4.8%) 4 (9.3%) 0.494
Physical activities (MET—min/ 5293 (4531, 6056) 5399 (4375, 6424) 5262 (4175, 6350) 5680 (3285, 8076) 0.976
week)

Dietary intake

Energy (kcal/day) 1516.65 +656.24 1445.87 +554.60 1580.98 +720.13 1601.16 + 686.73 0.689
Protein (g/day) 68.74 £26.81 70.53 £22.95 74.00 £31.98 80.10+35.30 0.303
Total fat (g/day) 49.28 +22.09 45.62+£20.52 56.56 +38.05 54.55+37.49 0.338
Total carbohydrate (g/day) 199.37 +129.09 185.37 +89.31 194.03 +£97.03 197.41 £90.52 0.925
Anthocyanins (mg/day) 11.06 +20.54 11.66 +45.22 8.54+12.77 7.78 +11.01 0.886

The results are presented as mean + standard deviation for continuous variables and n (%) for categorical variables. The anthocyanins only
represent the subjects’ daily dietary intakes, not the dose of supplemental capsules provided.

The bold value means no significant difference was observed.

ACN anthocyanin, BMI body mass index, DBP diastolic blood pressure, MET metabolic equivalent, SBP systolic blood pressure, WC waist

circumference, WHR waist-to-hip ratio.

r=0.403, P =0.01 in the 80 mg/day group; r = 0.468, P =
0.002 in the 320 mg/day group), and the correlation coef-
ficients of each of these three groups showed a
dose-response pattern.

Subgroup analysis

Before the subgroup analyses, we tested the effect modified
by adding an interaction term of treatment and subgroup
variables (sex, age, and BMI) to the univariate models.
There was no significant interaction between treatment and
subgroup variables in CEC. However, for HDL-C, LDL-C,

and TG, significant interaction was observed between age
and treatment (all P interaction <(0.05). Moreover, sig-
nificant interaction was also observed between sex and
treatment in TG (P interaction < 0.01).

Stratified analyses (Supplementary Table 5-7) showed
that among subjects with age 258, CEC, HDL-C, and
ApoA-I have robust dose-response relationship among four
groups, and were notably improved under 320 mg/day
supplementation when compared with placebo. Moreover,
after 12 weeks of anthocyanin supplementation, ApoA-I
levels were notably improved in men, while the enhance-
ment in CEC was more remarkable in women.

SPRINGER NATURE
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Table 2 Changes in cholesterol efflux capacity and lipid profile after 6- and 12-week treatment.

Placebo group 40 mg/day ACN 80 mg/day ACN 320 mg/day ACN P for difference P trend
(n=46) (n=45) (n=42) (n=43)

Cholesterol efflux capacity (%) 0.007*

Baseline 1.27+0.57 1.24+0.62 1.11+0.57 0.97 £0.53 0.064

6 weeks 1.06 £0.41 1.08 +0.56 1.00+0.48 0.96 +0.50

12 weeks 1.16 £0.58 1.19+£0.59 1.19+0.56 1.22 +0.50%%*

6-week change —0.19+£0.64 —0.14+0.72 —0.11+0.86 0.01+0.75 0.586 0.206

12-week change —0.11 £0.65 —0.05+0.51%* 0.08 +0.59 0.25+0.56* 0.033 0.002
HDL-C (mmol/L) 0.074

Baseline 1.40+0.35 1.42+0.42 1.55+0.46 1.47+0.35 0.323

6 weeks 1.38+0.36 1.43+£0.42 1.54+£0.44 1.55+0.45

12 weeks 1.33 £0.29%%* 1.40+0.44 1.54+0.44 1.47+0.34

6-week change —0.03+0.20 0.01+0.14 0+0.19 —0.02+0.12 0.480 0.276

12-week change —0.06+0.12 —0.02+0.17 —0.01+0.21 0.01 +0.06* 0.043 0.038
ApoA-I (g/L) b

Baseline 1.44+0.22 1.41+0.24 1.51+0.31 1.45+0.20 0.292

6 weeks 1.47+0.21 1.45 £0.26%#* 1.53+£0.28 1.54 +0.24%#%*

12 weeks 1.43+0.24 1.45 +£0.26%** 1.56 +0.28 1.50 +£0.22%%*

6-week change 0.03+0.13 0.03+0.11 0.01+0.16 0.03+0.12 0.934 0.700

12-week change —0.01+0.10 0.04+0.11 0.05+0.18* 0.06 +0.08* 0.022 0.023
LDL-C (mmol/L) 0.003

Baseline 421+1.01 428+1.22 422+0.87 4.33+0.87 0.936

6 weeks 4.12+1.02 424+1.11 4.21+1.00 4.16 +0.84%%*

12 weeks 4.14+0.98 4.15+1.05 4.10+0.94 4.02 £ 0,775

6-week change —0.11+0.50 —0.03+0.77 0.02 +0.60 —0.18+£0.49 0.566 0.136

12-week change —0.07+0.49 —0.13+0.81 —0.11+045 —0.31+0.47 0.258 0.050
ApoB (g/L) 0.001

Baseline 1.32+0.24 1.35+0.26 1.30+0.22 1.32+0.23 0.850

6 weeks 1.29+0.26 1.32+£0.25 1.28£0.26 1.26 +0.23%%*

12 weeks 1.30+0.27 1.32+0.26 1.27+0.25 1.25 £0.22%%*

6-week change —0.04+0.11 —0.03+0.20 —0.02+0.16 —0.06 +0.12 0.696 0.328

12-week change —0.03+0.13 —0.03+0.21 —0.03+0.11 —0.07+0.14 0.337 0.117
TC (mmol/L) 0.001

Baseline 6.16+0.97 6.25+1.01 6.17+0.88 6.33+0.90 0.817

6 weeks 6.15+1.11 6.17+1.08 6.15+1.06 6.21+0.80

12 weeks 6.08 +1.08 6.12+1.03 6.02+1.00 5.99 +0.76%%*

6-week change —0.02+0.62 —0.08+0.78 0+0.63 —0.12+0.46 0.933 0.509

12-week change —0.08 +0.64 —0.13+0.86 —0.15+0.51 —0.34+0.50 0.368 0.053
TG (mmol/L) 0.907

Baseline 2.15+1.21 2.22+1.82 1.96 +£0.91 2.02+1.74 0.844

6 weeks 2.28+1.42 2.05+1.25 1.87+0.96 2.13+1.81

12 weeks 2.14+1.19 2.23+1.77 1.92+0.97 2.02+1.17

6-week change 0.12+1.01 —0.16+0.84 —0.10+0.61 0.13+0.80 0.248 0.642

12-week change —0.01+0.87 0.01+1.23 —0.04+0.63 0+0.82 0.887 0.971

Data are presented as mean + standard deviation.
The bold value means significant difference was observed.

*P <0.05 versus placebo; **P < 0.05 versus 320 mg/day group; ***P < (.05 by paired #-test with comparison of the difference between baseline
and 6-week or 12-week data.

“No interaction between group and time in CEC, HDL-C, LDL-C, ApoB, TC, and TG. The main effect of intervention was analysis by repeated-
measures ANOVA.

®There was an interaction effect between group and time in ApoA-I.

ApoA-I apolipoprotein A-I, CEC cholesterol efflux capacity, HDL-C high- density lipoprotein cholesterol, LDL-C low-density lipoprotein
cholesterol, TC total cholesterol, TG total triglycerides.
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Fig. 2 The changes from baseline to 12 weeks in CEC (a), HDL-C (b),
and ApoA-I (¢). Compared with placebo, the increase of CEC, HDL-
C, and ApoA-I levels in 320mg/day anthocyanin group was sig-
nificant. Anthocyanin supplementation improves CEC, HDL-C, and
ApoA-I in a dose-response manner. *P <0.05; **P <0.01. ApoA-I
apolipoprotein A-I, CEC cholesterol efflux capacity, HDL-C high-
density lipoprotein cholesterol.

Table 3 Correlations between HDL-C, ApoA-I, and CEC at baseline,
follow-up, and changes over time (Ar).

HDL-C ApoA-1
CEC
Baseline, r 0.062 0.039
6 weeks, r 0.084 0.029
Ar at 6 weeks 0.131 0.100
12 weeks, r 0.203** 0.211%#*
Ar at 12 weeks 0.215%* 0.327%#%

Values are correlation coefficients.
#P<(0.01.

ApoA-I apolipoprotein A-I, CEC cholesterol efflux capacity, HDL-C
high-density lipoprotein cholesterol.

Discussion

To the best of our knowledge, this is the first randomized
controlled trial on human subjects with dyslipidemia to

et
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Fig. 3 Correlation between changes in CEC and ApoA-I (a) and HDL-
C (b). After 12-week supplementation, changes of CEC showed
positive association with those of ApoA-I and HDL-C. Pearson cor-
relation coefficients are presented. ApoA-I apolipoprotein A-I, CEC
cholesterol efflux capacity, HDL-C high-density lipoprotein
cholesterol.

investigate the dose—response relationship between supple-
mentation with purified anthocyanins and improvements in
lipid profile, especially in CEC. Our results show that
12 weeks of supplementation with anthocyanin increases
CEC and serum ApoA-I and HDL-C levels in a
dose-response manner. It is important to note that supple-
mentation with 320 mg/day of anthocyanin was most effi-
cient in improving CEC and ApoA-I and HDL-C levels in
the three anthocyanin groups. Subgroup analysis further
suggested that older patients may obtain more beneficial
improvements in lipid profiles from the supplementation of
anthocyanin.

In this trial, we confirmed that, compared with placebo,
anthocyanins can have positive effects on CEC and serum
levels of HDL-C and ApoA-I. It has been recognized that
ABCALI plays a key role in the regulation of macrophage
cholesterol efflux and ApoA-I-mediated RCT. By upregu-
lating the expression of ABCA1 in macrophages, the pro-
cess of excess free cholesterol efflux from peripheral
tissues, and transfer to the liver for biliary excretion, will be
greatly promoted [24]. Xia et al. [25] reported that antho-
cyanin increased ABCAIl-mediated cholesterol efflux in
macrophages by the regulation of peroxisome proliferator-
activated receptor y-liver X receptor a-ABCAI1 signaling
pathway activation, which shows that anthocyanin activated
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ABCA1 and induced cholesterol efflux to ApoA-I in mac-
rophages. This may further explain the correlation between
A CEC and A ApoA-I observed in this trial.

However, the positive effect of anthocyanin on CEC and
lipid profile was obvious with 12 weeks of supplementation,
but not with 6 weeks of supplementation. This means that
the duration of supplementation is a crucial factor for the
improvement of lipid metabolism using anthocyanins.
Similarly, in other randomized clinical trials in healthy
adults [26], patients with metabolic syndrome [27, 28], and
patients after myocardial infarction [29], it was shown that
anthocyanin supplementation for a duration no longer than
6 weeks does not have any effect on the HDL-C level or
CEC. This was consistent with our findings and showed that
6 weeks of anthocyanin supplementation may not be long
enough to produce favorable results. Since an increased
length of treatment may achieve statistical and clinical
relevance, especially for the modest efficacy of treatment
achieved with phytochemicals, it is feasible to extend the
intervention period to attain the results expected.

Furthermore, the dose-response relationship was found
between elevations in CEC and levels of HDL-C and
ApoA-I, as well as with the correlation coefficients between
A CEC and A ApoA-I after 12 weeks of anthocyanin
supplementation. Enhanced cholesterol efflux with
increased dose of anthocyanin supplementation has also
been reported in different experimental models. Millar et al.
[30] found that anthocyanin intake of 35 and 150 mg/kg-bw
for 24 weeks increased CEC by 64 and 85%, respectively,
in ApoE’/ ~ mice. Moreover, treatment with 1, 10, and
100 uM of C3G (cyanidin-3-O-p-glucoside, a monomer
form of anthocyanins) caused a dose-dependent increase in
cholesterol efflux in mouse peritoneal macrophages [25].
More importantly, we found that supplementation with
320 mg/day of anthocyanin had obvious positive effects on
the serum lipid profiles and CEC of subjects with dyslipi-
demia. Several studies have reported that supplementation
with 320-360 mg/day of anthocyanin for 12-24 weeks
significantly increased CEC [16, 31], HDL-C level [16—
18, 28, 29], and ApoA-I level [23, 32] in patients with
metabolic syndrome. Given that anthocyanins are a class of
natural phytochemicals associated with few complications,
subjects with dyslipidemia can consider receiving supple-
mentation with 320 mg/day of anthocyanin.

It should be noted that anthocyanin supplementation of
80 mg/day significantly improved ApoA-I level, but did not
significantly increase HDL-C level or CEC, which still has
important implications as ApoA-I is the most important
structural protein of HDL [33]. The China Kadoorie Bio-
bank prospective study showed that a 1-SD increase in
ApoA-I level reduced the risk of myocardial infarction by
11% [34]. This study finding shows that moderate doses of
anthocyanin can potentially be wused to treat lipid
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dysfunction. A few earlier studies reported findings similar
to ours. A 1-month consumption of red-peeled grapefruits
(containing 51.5 mg/day of anthocyanins) improved TG,
TC, and LDL-C levels in patients with hyperlipidemia [35],
and red wine consumption (containing 71 mg/day of
anthocyanins) increased the HDL-C level of healthy sub-
jects [36]. These findings may add weight to the evidence
that supplementation with 80 mg/day of anthocyanin can
deter several of risk factors of CVD. Hence, we reckon that
supplementation with 80mg/day of anthocyanin may
moderately improve lipid metabolism in healthy subjects.

The doses of anthocyanin used in the aforementioned
trials were high compared with the average anthocyanin
intake of 3.1 mg/day by Americans [37] and 12.87 mg/day
in this trial. However, it can easily be achieved in daily life
by selectively consuming foods rich in anthocyanins. For
example, every 100 g of violet cabbage (Capitata rubra)
contains about 163.7 mg of anthocyanin, and a small bowl
(100 g) of black rice contains up to 397.9 mg of anthocya-
nins [38]. Besides, the safety and nontoxicity of anthocya-
nins have been demonstrated in several human trials in
which higher doses such as 640 mg/day [39] and 500 mg/
day [40] of anthocyanin were used.

This study still has several limitations that should be
noted. First, like in most other anthocyanin supplementation
trials, the circulating concentrations of anthocyanins or their
metabolites were not measured in the blood samples
because of the short half-life (4h) of anthocyanins [41].
However, no significant changes in markers of liver and
renal function was observed in this study, indicating that
circulating anthocyanins had no undesirable effects on liver
and kidney functions. Second, our results for CEC showed
the in vivo process of free cholesterol movement from
macrophages to plasma during anthocyanin supplementa-
tion, but variations in several crucial factors that assemble
and remodel HDL particles in the RCT pathway, such as
lecithin cholesterol acyltransferase and cholesteryl ester
transfer protein, were not observed [42]. Further studies are
needed to confirm our findings. Third, although several
studies found that anthocyanins could improve glycemic
metabolism [43], null effects on glucose and insulin were
observed in this trial. The subjects in the present trial having
a relatively low level of fasting blood glucose and HbAlc
(average 5.37 mmol/L and 5.76% at baseline, respectively)
may account for the phenomenon. Another potential lim-
itation is that the dosage range of purified anthocyanin was
relatively small; the extensionality of such dose-response
relationship was limited. Future studies with a broader
dosage range are warranted to expand the database and
model an accurate curve.

In conclusion, this trial showed that supplementation
with purified anthocyanin at 0-320 mg/day has beneficial
effects on the lipid profile and CEC in a dose-response
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manner. Supplementation with 80 and 320 mg/day of
anthocyanin can produce moderate and strong improve-
ments, respectively.
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