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Lipids, Lipoproteins, and Cardiovascular Risk Factors

Purified Anthocyanin Supplementation Improves
Endothelial Function via NO-cGMP Activation in
Hypercholesterolemic Individuals

Yanna Zhu,"? Min Xia,"? Yan Yang,"? Fengqgiong Liu,"? Zhongxia Li,"? Yuantao Hao,"* Mantian Mi,*

Tianru Jin,"2>

BACKGROUND: Anthocyanins have been shown to im-
prove endothelial function in animal models. How-
ever, whether these compounds have similar beneficial
effects in humans is largely unknown.

METHODS: In a short-term crossover study, 12 hyper-
cholesterolemic individuals were given oral anthocya-
nins (320 mg) isolated from berries or placebo.
Brachial artery flow-mediated dilation (FMD) was as-
sessed before and after the intervention. In a long-term
intervention trial (12 weeks), 150 hypercholester-
olemic individuals were given anthocyanins (320 mg/
day, n = 75) or placebo (n = 75), after which we mea-
sured FMD, plasma cGMP, and other serum
biomarkers. Another short-term intervention was con-
ducted in the presence of NO-cGMP inhibitors in 6
people and in a rat aortic ring model (n = 8).

RESULTS: Significant increases of FMD from 8.3%
(0.6%) at baseline to 11.0% (0.8%) at 1 h and 10.1%
(0.9%) at 2 h were observed after short-term anthocy-
anin consumption, concomitantly with increases of
plasma anthocyanin concentrations (P < 0.05). In the
study participants who received long-term anthocya-
nin intervention, compared with the control group, we
observed significant increases in the FMD (28.4% vs
2.2%),cGMP (12.6% vs —1.2%), and HDL-cholesterol
concentrations, but decreases in the serum soluble vas-
cular adhesion molecule-1 and LDL cholesterol con-
centrations (P < 0.05). The changes in the cGMP and
HDL cholesterol concentrations positively correlated
with FMD in the anthocyanin group (P < 0.05). In the
presence of NO-cGMP inhibitors, the effects of antho-
cyanin on endothelial function were abolished in hu-
man participants and in a rat aortic ring model.

and Wenhua Ling'-2"

CONCLUSIONS: Anthocyanin supplementation improves
endothelium-dependent vasodilation in hypercholester-
olemic individuals. This effect involves activation of the
NO-cGMP signaling pathway, improvements in the se-
rum lipid profile, and decreased inflammation.

© 2011 American Association for Clinical Chemistry

Blood vessel endothelial cells not only function as a
barrier but also play an important role in the mainte-
nance of vascular homeostasis (1). Endothelial dys-
function is characterized by diminished production or
availability of NO and by alterations in other important
vasoactive molecules, such as endothelin-1 and prosta-
cyclin, resulting in impaired endothelium-dependent
vasodilation (2 ). Many studies have demonstrated that
endothelium dysfunction is an early marker of the de-
velopment of atherosclerosis, which contributes to var-
ious cardiovascular disorders (3, 4). Many cardiovas-
cular risk factors are associated with the onset of
endothelial dysfunction, including hypertension, hy-
percholesterolemia, smoking, increased age, type 2 di-
abetes, chronic inflammation, and oxidative stress
(5-7). The reduced production or availability of
endothelium-derived NO is well correlated with endo-
thelial dysfunction, which can be assessed by measur-
ing flow-mediated dilation (FMD)® of the brachial
artery (8, 9). In addition, certain inflammatory mole-
cules such as soluble vascular cell adhesion molecule-1
(sVCAM-1) (10) are among the important biomarkers
of endothelial dysfunction.

A large number of epidemiological and medical
anthropological investigations have shown that the
consumption of polyphenol-rich plant foods is nega-
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tively associated with the incidence of cardiovascular
diseases (11-13). There are thousands of different
plant polyphenols, including flavanols, flavones, cat-
echins, isoflavones, and anthocyanins, which are abun-
dantly present in various fruits, vegetables, and bever-
ages (14-16). Investigations from our group and
others have shown that anthocyanin-rich food and
beverages and purified anthocyanins improve lipid
profiles and inhibit the formation and progression of
atherosclerosis, possibly through their antiinflamma-
tory and antioxidative properties (17-19). Theoreti-
cally, these beneficial effects should lead to the allevia-
tion of endothelial dysfunction. Indeed, several recent
studies have shown that anthocyanin-rich foods can
activate endothelial NO synthase (NOS) and improve
endothelial function in vitro and in animals (20, 21 ).
However, whether the direct consumption of purified
anthocyanins can have a beneficial effect on endothe-
lial function in people has not been previously assessed.

The focus of our current study was to evaluate the
effects of anthocyanins purified from bilberries and
blackcurrants on endothelial function in individuals
with hypercholesterolemia and to explore the underly-
ing mechanism of any observed effects.

Participants and Methods

MATERIALS AND METHODS

Anthocyanin and placebo capsules were obtained from
Polyphenols AS. The total anthocyanin content was 80
mg per capsule and consisted of 17 different natural
anthocyanins purified from the bilberry (Vaccinium
myrtillus) and blackcurrant (Ribes nigrum) (18 ). More
detailed information of the content of treatment cap-
sules and other materials is provided in the Supple-
mental Data that accompanies the online version of
this article at http://www.clinchem.org/content/vol57/
issuell.

PARTICIPANTS

A total of 150 hypercholesterolemic individuals aged
40—-65 years were recruited into this clinical trial be-
tween November 2008 and December 2010 from phys-
ical examination centers in 3 hospitals in Guangzhou,
Guangdong, China. Women and men represented 58%
and 42% of this cohort, respectively. Participants se-
lected for inclusion in the study had a fasting total cho-
lesterol concentration between 200 and 310 mg/dL (5.2
and 8.0 mmol/L). Exclusion criteria included a history
of cardiovascular disease, diabetes mellitus, hyperten-
sion, thyroid disorders, smoking, or the use of any
drugs that could influence the measurement of lipid
parameters, inﬂammatory markers, or vasomotion.
This study was approved by the ethics committee of
Sun Yat-Sen University, and signed informed consent

was obtained from all participants. All protocols ad-
hered to institutional guidelines as well as the Helsinki
Declaration.

STUDY DESIGN

For the short-term study, 12 individuals with hyper-
cholesterolemia after overnight fasting were random-
ized in a crossover design with a 7-day washout, and
consumed either anthocyanins (320 mg) or placebo
capsules. During a 4-h (8 AM to 12 PM) intervention,
the participants consumed no food but drank water
twice. Blood samples were obtained before and at 1, 2,
and 4 h after the intake of the capsules to determine the
plasma concentrations of anthocyanin and ¢cGMP.
FMD measurements were made each time blood sam-
ples were obtained.

For the long-term study, eligible participants were
randomized in a double-blind, placebo-controlled,
parallel, 12-week trial and assigned to either the antho-
cyanin group (n = 75; 31 males and 44 females) or the
placebo group (n = 75; 32 males and 43 females). Dur-
ing the trial period, the participants were instructed to
consume 2 anthocyanin capsules or placebo capsules
twice daily (30 min after breakfast and supper). They
were also asked to maintain their habitual diet and life-
style. The anthocyanin capsules (80 mg anthocyanins
per capsule, 4 per day) provided a total daily intake of
320 mg anthocyanins. Each of the participants at-
tended a follow-up session every 4 weeks. During these
visits, the adherence to the protocol was assessed by
recalling the empty packages and obtaining related in-
formation. Meanwhile, the capsules were dispensed,
and the body weight, blood pressure, and circumfer-
ences of the waist and hip of each participant were mea-
sured. In addition, overnight fasting blood samples
were taken in the morning at baseline and at week 12 to
measure the lipid and glucose profiles as well as the
concentrations of sVCAM-1 and ¢cGMP. Brachial ar-
tery endothelial function was also evaluated in the
morning by use of an ultrasound based method. Nota-
bly, 12 hours before and during the examination peri-
ods of endothelial function, the participants did not eat
or drink anything but water. Moreover, a 3-day 24-h
dietary recall was conducted at baseline and at week 12
to ascertain whether the nutrient and energy intake of
the participants changed during the study.

OUTCOME MEASURES

Assessment of endothelium-dependent brachial artery
FMD. Endothelial function as determined by the FMD,
endothelium-independent glyceryltrinitrate-induced
dilation (GTND), and blood flow was measured non-
invasively in the right brachial artery by use of a high-
frequency ultrasound scanning machine (Sonos 4500
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Phillips Medical Systems) and a high-resolution (7.5
MHz) linear array transducer in accordance with pub-
lished guidelines (22 ). More detailed information re-
garding this method is available in the online Supple-
mental Data.

Plasma anthocyanins. The plasma anthocyanin concen-
trations were determined by HPLC in accordance with
the method of Matsumoto et al. (23) with slight mod-
ifications. For more detailed information regarding
their detection see the description in the online Supple-
mental Data.

Effect of NOS inhibition on anthocyanin-induced vascu-
lar dilation. Twelve hours before and during the exper-
imental periods, the participants did not consume any
foods and drank water only. On day 1, 6 individuals
were intravenously injected with normal saline solu-
tion at 8 AM, and then administered anthocyanin (320
mg) capsules 30 min later. On day 3, the same individ-
uals were intravenously infused with N®-monomethyl-
L-arginine acetate (L-NMMA), an NOS inhibitor, at 8
AM, and again consumed anthocyanin capsules 30 min
later. The FMD, blood flow, blood pressure, and heart
rates were measured at 8 AM and at 9:30 AM on day 1
and 3. The infusion rate of L-NMMA was set at 1
mg - kg™ - min~" for the first 3 min followed by a 0.2

mg - kg~ - min~' maintenance dose.

Ex vivo aortic ring experiments. Ex vivo aortic ring as-
says were performed in accordance with the previously
described methods of Nakamura et al. (24). Briefly,
male Sprague—Dawley rats (180-220 g) were killed and
the thoracic aortas were then isolated and cut into
rings. The rings were then mounted in an organ bath
filled with Krebs solution. After equilibration for 90
min, purified anthocyanins, L-NMMA, or a guanylate
cyclase (GC) inhibitor, 1H-[1, 2, 4]oxadiazolo-[4,3-a]
quinoxalin-1-one (ODQ), were added to the bath and
their effects on vasorelaxation were observed. Results
from the contractile experiments were expressed as a
percentage of the level of precontraction. More de-
tailed information regarding the experiment is pro-
vided in the online Supplemental Data.

Other parameters. Assessments of the serum sVCAM-1,
lipid, glucose, and plasma cGMP concentrations are
described in the online Supplemental Data.

STATISTICAL ANALYSIS

All statistical analyses were performed by use of SPSS
for Windows software (version 17.0, 2008; IBM-SPSS).
We used the Kolmogorov—Smirnov test to assess the
normality of distributions. Nonnormal variables were
logarithmically transformed for statistical analyses.
Variables that followed a normal distribution were ex-
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pressed as means (SD) or means (SE). Transformed
data, including the concentrations of triacylglycerols
and insulin and a homeostasis model assessment of in-
sulin resistance (HOMA-IR), are presented as geomet-
ric means (upper and lower quartiles). The percentage
change was calculated as follows: [(value at week 12 —
value at baseline)/value at baseline] X 100. The average
percentage change was displayed as the mean (95%
CI). Statistical significance was set at P < 0.05.

We used the unpaired Student #-test to evaluate
the differences in the variables between the 2 treatment
groups at baseline and the vascular relaxant effects of
anthocyanin in vitro. The effects of the intervention on
anthropometric characteristics, dietary intake, lipid
and glucose profile, sVCAM-1, and vascular function
were assessed by using repeated-measures ANOVA,
with a Bonferroni corrected post hoc #-test to assess
differences between time points. The plasma anthocy-
anin concentrations and the effects of an NOS inhibitor
onanthocyanin-induced vascular dilation in study par-
ticipants were evaluated by using paired Student
t-tests. Pearson correlation coefficients (r) were used to
determine the association between the changes in the
plasma cGMP and HDL-cholesterol (HDL-C) concen-
trations and the changes in FMD in the 12-week study.

Results

ANTHROPOMETRIC CHARACTERISTICS AND DIETARY INTAKE

As illustrated in Fig. 1, 4 participants were withdrawn
because of their intake of lipid-lowering drugs or be-
cause they had moved away from the study area. Thus
146 hypercholesterolemic individuals finished this
study (n = 73 in the anthocyanin group, 31 men and 42
women; n = 73 in the placebo group, 30 men and 43
women). The distribution of anthropometric charac-
teristics and mean daily nutrient intake was uniform
between the 2 groups at baseline and after the 12-week
intervention (Table 1). Anthocyanin treatment for 12
weeks, however, decreased systolic blood pressure sig-
nificantly compared with the baseline value [126.2
(14.9) vs 119.5 (12.5) mmHg; P < 0.05]. No adverse
effects were reported by any of the participants con-
suming anthocyanins or placebo throughout the inter-
vention period.

SHORT-TERM EFFECTS OF ANTHOCYANINS ON FMD

In the anthocyanin group, the plasma delphinidin-
3-O-B-glucosides (Dp-3g) and cyanidin-3-O-f3-
glucosides (Cy-3g) concentrations were examined
before and within 4 hours of taking the capsule. We
found that the concentrations of Dp-3g and Cy-3g
were highest 1 h after the capsule was taken [9.3 (1.3)
ng/mL and 5.5 (1.2) ng/mL, respectively] (Fig. 2A) and
the plasma cGMP concentrations had increased as well
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Fig. 1. Flowchart illustrating the procedures used in
the clinical trial.

(Fig. 2B). Interestingly, plasma cGMP concentrations
also were highest at 1 h [143.9 (4.6) pmol/mL] after the
anthocyanin capsule was taken, concomitant with the
increased concentrations of Dp-3g and Cy-3g. Further-
more, anthocyanin ingestion significantly improved
FMD from 8.3% (0.6%) at baseline to 11.0% (0.8%) at
1 hand 10.1% (0.9%) at 2 h (P < 0.05; Fig. 2C).

LONG-TERM EFFECTS OF ANTHOCYANIN SUPPLEMENTATION ON
¢GMP CONCENTRATIONS AND ENDOTHELIAL FUNCTION

As shown in Table 2, after the 12-week intervention, no
anthocyanins or anthocyanin metabolic products were
found in the overnight fasting blood samples in either
the anthocyanin or placebo groups. In addition, no sig-
nificant differences in the cGMP concentrations, bra-
chial diameter, baseline and hyperemic blood flow,
FMD, and GTND between the 2 groups at baseline
were observed. There were significant increases in the
c¢GMP concentrations [123.4 (21.6) pmol/mL at base-
line vs 138.8 (22.5) pmol/mL at week 12; P = 0.003],
and FMD [8.04% (1.82%) vs 10.91% (2.06%); P <
0.001] after the12-week anthocyanin supplementation.
There were no significant changes in the cGMP con-
centrations or the FMD in the placebo group. When
mean values of the 2 variables were compared between
the anthocyanin and the placebo groups, we observed
significant changes in the cGMP concentrations

[—1.2% (95% CI, —4.6% to 2.2%) vs 12.6% (95% ClI,
8.6%-16.5%), P = 0.031], and FMD [28.4% (95% CI,
13.2%—43.6%) vs 2.2% (95% CI, —3.6% t0 8.0%), P =
0.006]. No significant mean differences in the brachial
diameter, baseline and hyperemic blood flow, and
GTND were observed between the 2 groups after the
12-week intervention (P = 0.583, Table 2).

The increase in cGMP after the 12-week anthocy-
anin intervention was found to be positively correlated
with the change in FMD (r = 0.428; P < 0.001) (Fig.
3A). No such effect was evident in the placebo group
(Fig. 3B).

LONG-TERM EFFECTS OF ANTHOCYANIN SUPPLEMENTATION ON
SERUM INFLAMMATORY MOLECULES AND THE LIPID PROFILE
The concentrations of serum inflammatory molecules,
lipids, glucose, and insulin at baseline and 12 weeks
after the intervention are summarized in Table 2. There
were no significant differences in these parameters be-
tween the anthocyanin and the control groups at base-
line. Anthocyanin treatments for 12 weeks led to ap-
preciable decreases (P = 0.023) of serum sVCAM-1
concentrations [542.9 (103.6) ng/mL at baseline vs
481.0 (91.8) ng/mL at 12 weeks], compared with the
placebo treatment [544.2 (107.8) ng/mL vs 546.3
(106.9) ng/mL]. In the anthocyanin group, the concen-
tration of serum HDL-C was found to be significantly
increased from 47.2 (8.9) mg/dL [1.22 (0.23) mmol/L]
at baseline to 53.0 (8.5) mg/dL [1.37 (0.22) mmol/L] at
week 12 (P = 0.010), accompanied by a significant re-
duction in the LDL-C concentrations from 130.0
(22.4) mg/dL [3.36 (0.58) mmol/L] to 116.5 (15.9)
mg/dL [3.01 (0.41) mmol/L] (P = 0.015). Moreover,
significant differences were found in the 2 variables be-
tween the anthocyanin and the placebo groups after
thel2-week treatment period (P < 0.05 in both cases).
The changes in the HDL-C concentrations also posi-
tively correlated (r = 0.309; P = 0.008) with the FMD
changes in the anthocyanin group (Fig. 3C). No such
correlations were found in the control group (Fig. 3D).
The intervention, however, did not cause significant
changes in the concentrations of total cholesterol, tri-
glyceride, apolipoprotein Al, apolipoprotein B, glu-
cose, insulin, or HOMA-IR index between the 2 groups
(Table 2).

EFFECTS OF NOS INHIBITION ON ANTHOCYANIN-INDUCED
VASCULAR DILATION

It is well known that NO plays an important role
in endothelium-dependent vasorelaxation (25). We
hence investigated the role of NO in mediating
anthocyanin-stimulated FMD in a subgroup of our par-
ticipants (n = 6), who received an intravenous infusion
of the NOS inhibitor L-NMMA. We found that an in-
fusion of anthocyanin improved the FMD compared

Clinical Chemistry 57:11 (2011) 1527



Table 1. Anthropometric characteristics and daily nutrient intake of the participants at baseline and at weeks
8 and 12 of the anthocyanin trial.?
Placebo group (n = 73) Anthocyanin group (n = 73)
Baseline 8 Week 12 Week Baseline 8 Week 12 Week Pb
Anthropometric features
Weight, kg 70.1 (9.8) 70.2 (10.0) 69.7 (9.9) 68.9 (8.8) 68.2 (8.6) 67.8 (8.9) 0.322
BMI, kg/m? 26.8 (2.0) 27.0(2.2) 26.7 (2.1) 26.4 (2.1) 26.1(1.9) 25.9(2.0) 0.102
Waist circumference, cm 89.6 (7.9) 89.9(7.4) 89.5(8.2) 88.6 (6.4) 87.7 (6.2) 87.4 (6.4) 0.174
Hip circumference, cm 100.3 (6.3) 100.5 (6.4) 100.3 (6.5) 100.0 (5.0) 99.5 (4.8) 99.1 (5.2) 0.368
Waist/hip ratio 0.89 (0.06) 0.89 (0.05) 0.89 (0.06) 0.89 (0.05) 0.88 (0.05) 0.88 (0.05)  0.329
Systolic blood pressure, 124.3 (16.0) 120.1 (15.8) 123.8 (15.0) 126.2 (14.9) 122.8 (15.5) 119.5(12.5)° 0.245
mmHg
Diastolic blood pressure, 82.8(10.5) 81.4(10.4) 81.2(9.1) 84.7 (10.7) 83.2 (10.5) 82.8(9.6) 0.290
mmHg
Nutrients
Energy, kcal/day 2163.6 (124.2) 2191.3(120.4) 2168.2 (116.1) 2185.4(132.5) 2213.1 (141.6) 2199.2 (123.7) 0.648
Protein
g/day 84.8(10.8) 83.1(9.9) 83.6 (9.4) 85.7 (10.5) 84.1 (9.2) 84.5 (9.8) 0.712
% Energy 18.5 (3.1) 18.3(2.5) 18.4(2.7) 18.6 (2.9) 18.4 (2.1) 18.5 (3.1) 0.745
Total fat
g/day 82.4(18.2) 80.1(17.2) 81.2(16.3) 80.2 (15.8) 83.3(16.7) 83.7(17.6) 0.264
% Energy 26.5(3.5) 26.1(3.2) 26.3(3.7) 26.4(3.2) 27.1(3.6) 27.4(4.0) 0.489
Total carbohydrate
g/day 258.6 (34.2) 260.2 (37.4) 258.8 (40.5) 262.1 (43.8) 260.6 (36.7) 263.2 (42.5) 0.163
% Energy 55.2 (4.7) 55.6 (5.2) 55.3 (4.6) 55.0 (5. ) 54.7 (4.2) 55.3 (4.8) 0.816
Cholesterol, mg/day 339.4 (43.2) 343.0 (39.6) 340.1 (38.4) 341.3 (40.2 339.4 (41.5) 342.5(39.3) 0.325
Fiber, g/day 20.5 (4.4) 21.2 (4.1) 20.8 (4.2) 20.6 (5. ) 20.7 (4.9) 20.6 (4.5) 0.642
2 Data are the means (SD). No significant differences were found for any variable between the 2 groups at baseline via the unpaired Student t-test.
P The intervention had no significant effects on anthropometric characteristics and the daily intake of nutrients as determined by repeated-measures ANOVA.
€ P < 0.05 vs baseline, assessed by repeated-measures ANOVA with a Bonferroni corrected t-test.

with the infusion of saline [11.0 (3.4)% vs 8.4 (1.9)%,
P < 0.05], whereas no changes in the baseline and hy-
peremic blood flow, blood pressure, or heart rate were
observed. However, the beneficial effects of anthocya-
nin on FMD were significantly blocked by the presence
of L-NMMA [anthocyanin infusion on day 1 vs
L-NMMA plus anthocyanin infusion on day 3: 11.0%
(3.4%) vs 3.2% (0.8%); P < 0.001]. Moreover, differ-
ences in the baseline and hyperemic blood flow
and blood pressure between the anthocyanin and
L-NMMA plus anthocyanin intervention were also ob-
served (P < 0.05; see online Supplemental Table 2).

VASCULAR RELAXANT EFFECTS OF ANTHOCYANIN IN VITRO

We further examined the role of the NO-cGMP path-
way in mediating the effect of anthocyanins on vascular
dilation in vitro by using a well-established rat aortic
ring model (24 ). The relaxant effects of anthocyanins

1528 Clinical Chemistry 57:11 (2011)

upon phenylephrine-precontracted aortic rings with a
functional endothelium were found to be significantly
augmented when the cumulative anthocyanin concen-
tration reached 5 wg/mL (P < 0.001; Fig. 4). The max-
imal relaxation was 80.1% (18.6%) (n = 8) when the
cumulative concentration of anthocyanins reached 50
pg/mL. This effect was not observed in the aortic rings
without functional endothelia (Fig. 4). More impor-
tantly, the relaxation effect of anthocyanins was not
observed in the presence of NOS inhibitor L-NMMA
(Fig.4) or GCinhibitor ODQ (see online Supplemental
Fig. 1).

Discussion
Several previous studies have revealed that the consump-

tion of anthocyanin-rich foods and beverages im-
proves endothelium-dependent vasodilation (20, 26, 27 ).
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Chaves et al. have demonstrated, for example, that a
standardized grape product has vasoprotective effects
in humans (26 ). Poreba and colleagues have also re-
ported beneficial effects of chokeberry juice on endo-
thelial function in men with mild hypercholesterol-
emia (27). In vitro, anthocyanin improves vascular
function by enhancing the activity of endothelial NOS
and soluble guanylyl cyclase (26, 27). We thus specu-
lated that this effect would be partially mediated by the
activation of NO-cGMP signaling in humans. How-
ever, anthocyanin-rich foods and beverages also con-
tain thousands of other types of polyphenols, an un-
known number of which may exert beneficial effects on
endothelial function (28). An evaluation of whether
pure anthocyanins could improve endothelial function
in human study participants was therefore necessary.
To investigate whether dietary anthocyanins exert
direct effects on endothelium-dependent vasodilation
in the current study, we first conducted a short-term
intervention trial in hypercholesterolemic individuals.
The results showed that a maximal plasma concentra-
tion of Dp-3g and Cy-3g was reached at 1 h after dietary
anthocyanin supplementation, and was associated with
the highest achieved levels of FMD and plasma cGMP
in these participants. We thus concluded that purified
anthocyanins improve endothelial function. On the
basis of the results obtained from the short-term inter-
vention study, we explored whether pure anthocyanins
would have a sustained beneficial effect on endothelial
function via a long-term intervention. In our cohort of
hypercholesterolemic individuals who were adminis-
tered anthocyanin supplementation for 12 weeks, we
observed dramatically improved endothelial function,
as determined by FMD measurement, whereas we ob-

served no significant differences in GTND, suggesting
that anthocyanins do not affect NO-independent vaso-
dilation. Moreover, long-term anthocyanin supple-
mentation led to a significant increase in the plasma
concentration of cGMP, a surrogate of NO bioactivity.

Vascular dilation is directly stimulated by NO,
which is released from the vascular endothelial cells.
NO is synthesized from L-arginine by an endothelial
enzyme (NOS) (29), and its activity can be specifically
blocked by arginine analogs, such as L-NMMA, which
serve as useful tools in studying the biological distribu-
tion and the function of NO (30 ). The vasodilator ac-
tivity of NO is attributed to its diffusion to the vascular
smooth muscle cells and the activation of soluble GC,
leading to the production of ¢cGMP and cGMP-
mediated vasodilation (31, 32). Because the half-life of
NO is extremely short and the methods for NO mea-
surement must be further developed (28 ), we used the
circulating cGMP concentration as the index of NO
activity and thus as an indirect marker of endothelium-
dependent vasodilation (33 ). We found that increased
plasma c¢cGMP concentrations correlated with im-
proved FMD in hypercholesterolemic individuals
treated by anthocyanin supplementation. Further-
more, in the presence of an NOS inhibitor (L-NMMA)
or a GC inhibitor (ODQ), the effects of anthocyanin on
endothelium-dependent vasodilation were abolished
in humans and in a rat aortic ring model. These find-
ings are consistent with the data shown in previous
reports. Andriambeloson et al. demonstrated that del-
phinidin, a monomer of anthocyanin, evokes an 89%
endothelium-dependent vasorelaxation (34). Naka-
mura et al. have shown that a blackcurrant concentrate
with a high content of anthocyanins produced an ap-
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Fig. 3. Correlation analyses between the changes in the plasma ¢cGMP and serum HDL-C concentrations and the
changes in FMD in the anthocyanin (A, C) and control (B, D) groups after the 12-week intervention (n = 73 in each

The data were evaluated by using Pearson correlation coefficients (r).

proximately 80% relaxation in norepinephrine pre-
contracted rat aortic rings, and that the response was
inhibited after addition of L-NMMA or ODQ (24 ). We
hence suggest that the improvement of endothelium-
dependent vasodilation in individuals with hypercho-
lesterolemia by anthocyanins occurs mainly through
the activation of the NO-cGMP signaling pathway.
The endothelial dysfunction seen in hypercholes-
terolemia is among the early events in the development
of atherosclerosis, and is attributable to various cardio-
vascular abnormalities. In hypercholesterolemic indi-
viduals, endothelial function can be impaired by dys-
lipidemia and mild chronic inflammation, represented
as increased total cholesterol or LDL-C concentrations
and increased expression of sVCAM-1 (8, 10, 11). In
the present study, both dyslipidemia and inflammation
among the hypercholesterolemic participants were
found to be ameliorated by anthocyanin supplementa-
tion for 12 weeks. These lipid profile and inflammatory

response changes were consistent with the findings of
our previously reported investigations, in which an-
thocyanin supplementation in dyslipidemic individu-
als increased the serum HDL-C concentration and de-
creased the serum LDL-C concentration (18 ), and an
anthocyanin-rich black rice outlayer fraction was
found to significantly reduce the plasma concentra-
tions of inflammatory molecules, including sCD40 li-
gand, sVCAM-1, and high-sensitivity C-reactive pro-
tein, in individuals with coronary artery diseases (35 ).
Other investigators have shown also that berry con-
sumption can lead to an increase in the HDL-C con-
centration in individuals showing cardiovascular risk
factors (36) and that anthocyanin-rich red wine con-
sumption produces a decrease in the serum VCAM-1
(—=17%) and ICAM-1 (—9%) concentrations in
healthy individuals (19). Because dietary anthocyanin
supplementation was shown in our analyses to im-
prove not only endothelium-dependent vasodilation

Clinical Chemistry 57:11 (2011) 1531
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Fig. 4. Concentration—response curve for anthocyanin-
induced relaxation in phenylephrine-precontracted rat tho-
racic aortic rings (n = 8).

Values are the means (SD). *P < 0.001, significantly
different from the tests conducted in the presence of NOS
inhibitor L-NMMA. The data were assessed via unpaired
Student t-tests. +E, rat thoracic aortic rings with a func-
tional endothelium; —E, those without a functional
endothelium.

butalso thelipid and inflammatory biomarker profiles,
we suggest that the amelioration of the lipid profile
and inflammation underlie the improvement of
endothelium-dependent vasodilation by anthocyanin
supplementation.

It should be pointed out that the bioavailability of
anthocyanins in humans and animal models is accom-
panied by extensive conjugation and metabolism (37 );
moreover, the intact anthocyanins and the metabolic
products can be found in the blood and urine after the
administration of anthocyanins (38, 39). These find-
ings indicate that anthocyanin metabolites are likely to
exert biological effects. In a previous study we have
shown that protocatechuic acid, a major metabolite of
the anthocyanins, inhibits monocyte adhesion and re-
duces atherosclerosis in apolipoprotein E—deficient
mice (40 ). In the present study, the results of the short-
term anthocyanin intervention showed that the in-

creases in the FMD and cGMP concentrations were
concomitant with increased plasma anthocyanin
(Dp-3g and Cy-3g) concentrations. This finding indi-
cates that intact anthocyanins are one of the compo-
nents responsible for the improvement in FMD. Al-
though the present data show that in the long-term
intervention participants neither intact anthocyanins
nor metabolic products were detected in fasting blood
samples, owing to their rapid metabolism and elimina-
tion (37), this did not exclude the possibility that they
existed in the tissues or organs nor that anthocyanin
metabolites might also contribute to the improvement
of FMD.

In conclusion, we have demonstrated for the first
time that dietary anthocyanin supplementation im-
proves endothelium-dependent vasodilation through
the activation of the NO-cGMP signaling pathway in
hypercholesterolemic individuals. Additional investi-
gations are needed to assess the causative relationship
between the beneficial effect of anthocyanins on the
lipid profile and the reduction in inflammatory mole-
cule release.
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