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In non-smokers, however, administration of anthocyanin at 210 mg slightly
but significantly elevated plasma level of d-ROMs at 2 hours (249.6 + 30.3 vs
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265.5 = 36.3 U CARR, p < 0.05) without affecting plasma level of BAP and
FMD. Conclusions: Single oral administration of anthocyanin rescued
smoking-induced endothelial dysfunction in young healthy smokers, but faci-
litated oxidative stress in non-smokers. When anthocyanin is taken as sup-
plements, it seems important to pay attention to the dose and timing of ad-
ministration.
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1. Introduction

Lifestyle-related disease has become an object of public concern, and arterios-
clerosis is attributable to the pathogenesis of lifestyle-related diseases such as
cardiovascular disease. Smoking is predisposed to arteriosclerosis and regarded
as one of the major risk factors for the development of cardiovascular diseases
[1]. Smoking comprises not only free radicals such as superoxide and reactive
oxygen but also several other materials of carbon monoxide, nitrogen, and nico-
tine [2]. Reactive oxygen species and reactive nitrogen species constituents in
both the tar and gas phases of smoke are associated with various diseases like ar-
teriosclerosis, diabetes or cancer [3]. The World Health Organization predicted
that deaths related to cigarette smoke will increase up to eight million individu-
als per year worldwide [4]. Furthermore, recent evidence showed that young
smokers have a higher risk to develop vascular functional and histological ab-
normalities which are early hallmarks of atherosclerosis [5]. Therefore, it is im-
portant to develop new therapeutic strategies to prevent negative effects on the
cardiovascular system by smoking.

Blackcurrant is rich in many health-beneficial substances, such as polysaccha-
rides, flavonoids and anthocyanins [6]. Of these, anthocyanins are known to
undergo gut microbial conversion into corresponding aglycones or anthocyani-
dins [7] [8]. Anthocyanin-rich bilberry and blackcurrant diets alleviate beha-
vioral abnormalities in a mouse model of Alzheimer’s disease [9]. Further,
blackcurrant anthocyanins provide a number of health benefits, including im-
proved blood flow and decreased inflammatory marker levels [10]. These find-
ings suggest that blackcurrants may prohibit severe arteriosclerosis when taken
as antioxidant supplements. Indeed, habitual antioxidant dietary intake was
shown to provide potential benefits for secondary prevention of cardiovascular
diseases [11]. However, the beneficial effects of antioxidant with respect to can-
cer were achieved by the diet itself and not by supplements [12]. Meta-analyses
of randomized controlled trials also showed no relationship between the con-
sumption of antioxidant supplements and cancer risk [13]. Thus, it still remains
unclear whether supplements of anthocyanin are beneficial in healthy young

population. In the present study, we examined the effect of intake of blackcur-
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rant anthocyanin supplements on endothelial function and oxidative stress

markers after cigarette smoking in healthy young adults.

2. Material and Methods

2.1. Materials and Reagents

The blackcurrant supplement, which was made with solvent free, freeze-dried
extraction methods to preserve quality, was purchased from Just the Berries Li-
mited, New Zealand. It consists of not lower than 35.0 g total anthocyanin, 13.6
mg carbohydrate, 0.5 g lipid, and 0.1 g protein in total 100 g, and energy is 1650
Kj (394 Kcal)/100 g.

2.2. Subjects

Young healthy male non-smoker (n = 8, mean age 23 + 2 years) and smokers (n
= 14, mean age 22 * 1 years) were recruited from students of Hirosaki Universi-
ty. Exclusion criteria are having any disease such as hypertension, hyperlipide-
mia or diabetes, and a weight reducing dietary regimen or taking any dietary
supplements. All subjects were asked to complete a health and lifestyle ques-
tionnaire, and suitable subjects were asked to sign an informed consent form. All
study protocols were approved by The Committee of Medical Ethics of Hirosaki
University Graduate School of Medicine, Hirosaki, Japan (2013-357).

2.3. Study Design

The subjects were asked to follow a low-flavonoid diet for 3 days before each de-
termination and to refrain from taking hard exercise (Figure 1). They were also
asked to getting adequate sleep before the determination. At least for 3 hours
prior to testing, neither eating anything nor drinking coffee or tea was permitted
in all subjects, and antioxidant vitamins were prohibited for the whole day be-
fore testing. Smokers were refrained from smoking at least for 3 hours before ar-
rival in the laboratory. The subjects were examined at the spine position after
15-minutes rest in quiet and air-conditioned room (22°C - 26°C).

Brachial artery flow-mediated dilation (FMD) was measured, and blood sam-
ples were taken from cubital vein to measure free radical and antioxidant capaci-
ty. Smokers were undergoing two series of experiments: one cigarette smoke alone,
and take blackcurrant supplements after one cigarette smoke. Non-smokers were
undergoing two series of experiments: no supplements or blackcurrant supple-
ments alone.

Brachial artery FMD were measured two hours after one cigarette smoking
and/or blackcurrant supplements alone. Blood samples were taken two hours af-

ter one cigarette smoking and/or blackcurrant supplements alone.

2.4. Derivatives of Reactive Oxygen Metabolites and Biological
Antioxidant Potential Levels

The derivatives of reactive oxygen metabolites (d-ROMs) and biological antioxidant
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Figure 1. Protocol for this study.

potential (BAP) levels were measured using a Free Radical Elective Evaluator
(Wismerll Co. Ltd, Tokyo, Japan) [14]. The d-ROMs measurements were deter-
mined based on the ability of transition metals to catalyze the formation of co-
lored free radicals (detection at 505 nm). The results were expressed in Cartelli
units (U.CARR), where 1 U.CARR = 0.8 mg/L of H,O,. The normal reference
level of d-ROMs was 250 to 300 U.CARR [14]. To obtain the BAP measure-
ments, the blood samples were added to a solution containing FeC1, bound to a
chromogenic substrate (AT, a derivative of thiocyanate). Fe’* reduction to Fe**
caused a chromatic change that was directly proportional to the plasma serum
reactive oxygen species reduction, which was measured at 505 nm using a pho-
tometer. Blood aliquots at 10 pl were mixed with the FeCl, solution and incu-
bated for 5 min at 37°C before the photometric analysis. BAP/d-ROM ratio

represents the level of potential oxidative stress.

2.5. Measurement of FMD

Endothelium-dependent vasodilation and endothelium-independent vasodila-
tion were measured according to methods that have been described previously.
Brachial artery FMD was measured by a trained technician according to the
guidelines for the ultrasound assessment. A linear-array transducer operating at
10 MHz was used to acquire longitudinal images of the right brachial artery. A
standard blood pressure cuff was positioned around the right arm, 5 cm below
the antecubital fossa, and the artery was imaged 5 to 9 cm above the antecubital
fossa. After baseline images were obtained, the cuff was inflated to 30 mmHg
above systolic blood pressure for 5 minutes. The diastolic pre-beat diameter of
the brachial artery was determined semi-automatically using an instrument

equipped with software for monitoring the brachial artery diameter (Unex Co.
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Ltd., Nagoya, Japan), and the validity and reproducibility of the equipment were
confirmed. The participants rested on beds in supine position for at least 20 min
before the study.

2.6. Statistical Analysis

Results were expressed as mean + SEM. Data were analyzed by using IBM SPSS
Statistics 22.0. Statistical significance was defined as p < 0.05. For the analysis of
between groups with or without taking blackcurrant supplements, a two-way
repeated-measures ANOV A was applied. The intra-group comparison between
pre-intervention and post-intervention was done by the Bonferroni correction

for multiple comparisons.

3. Results

3.1. Oxidative Stress, Antioxidant Capacity, and FMD after One
Cigarette Smoking in Young Smokers and Resting in
Non-Smokers

As shown in Figures 2(a)-(d), d-ROMs, BAP, BAP/d-ROMs ratio, and FMD at
baseline were all similar between young healthy non-smokers and smokers.
Figure 3 shows changes in d-ROMs (a), BAP (b), ratio of BAP/d-ROMs (c),

and FMD (d) after one cigarette smoking in smokers and resting in non-smokers
under no blackcurrant supplements. None of d-ROMs, BAP, and the ratio of
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Figure 2. Baseline derivatives of reactive oxygen metabolites (d-ROMs) (a), biological an-
tioxidant potential (BAP) (b), and ratio of BAP/d-ROMs (c), brachial artery
flow-mediated dilation (FMD) (d) in young healthy smokers and non-smokers. Values
are indicated as the means * standard errors. There are no significant difference between
smokers and non-smokers by Student t-test.
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Figure 3. Changes in derivatives of reactive oxygen metabolites (d-ROMs) (a), biological antioxi-
dant potential (BAP) (b), ratio of BAP/d-ROMs (c) and brachial artery flow-mediated dilation
(FMD) (d) after one cigarette smoking in smokers and resting in non-smokers without blackcur-
rant supplements. Dotted line: nonsmoker. Solid line: smoker. Values are indicated as the means +

standard errors. Difference in changes from baseline to 2 hours between groups was assessed by
two-way repeated measure ANOVA followed by Bonferroni post hoc tests. Differences in changes
in FMD from baseline to 2 hours are indicated by a for p < 0.05 by two way repeated measure
ANOVA.

BAP/d-ROMs was changed 2 hours after one cigarette smoking in young healthy
smokers (d-ROMs: 260.8 + 45.0 vs 262.3 + 52.3 U CARR in Figure 3(a), BAP:
2631.8 + 332.8 vs 2336.4 + 898.0 U CARR in Figure 3(b), and BAP/d-ROMs:
10.5 + 2.5 vs10.3 + 3.6 in Figure 3(c), black solid lines). As shown in gray dotted
lines (Figure 3(a) and Figure 3(b)), neither d-ROM nor BAP was changed after
2-hour resting in young healthy non-smokers. FMD was decreased from 9.0 +
2.6% to 7.6% + 2.4% 2 hours after one cigarette smoking in young healthy
smokers (p < 0.05, black solid line in Figure 3(d)). In non-smokers (gray dotted
line in Figure 3(d)), FMD was unchanged during 2-hour resting.

3.2. Effect of Blackcurrant Supplements on Oxidative Stress,
Antioxidant Capacity, and FMD in Young Smokers and
Non-Smokers

Figure 4 shows changes in d-ROMs (a), BAP (b), ratio of BAP/d-ROM:s (c) and
FMD (d) 2 hours after one cigarette smoking in smokers and resting in
non-smokers under blackcurrant supplements. The plasma value of d-ROMs
was increased from 249.6 + 30.3 to 260.5 + 49.3 U CARR 2 hours after taking
blackcurrant supplements and resting in young healthy non-smokers (p < 0.05,

gray dotted lines in Figure 4(a)). Antioxidant capacity BAP was unchanged by
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Figure 4. Changes in derivatives of reactive oxygen metabolites (d-ROMs) (a), biological antioxi-
dant potential (BAP) (b), ratio of BAP/d-ROMs (c) and brachial artery flow-mediated dilation
(FMD) (d) after one cigarette smoking in smokers and resting in non-smokers with blackcurrant
supplements. Dotted line: nonsmoker. Solid line: smoker. Values are indicated as the means *

standard errors. Difference in changes from baseline to 2 hours between groups was assessed by

two-way repeated measure ANOVA followed by post hoc tests. Differences in changes in d-ROMs
from baseline to 2 hours are indicated by b for p < 0.05 by two way repeated measure ANOVA.

taking blackcurrant supplements (gray dotted lines in Figure 4(b)). In young
healthy smokers, neither d-ROMs nor BAP was changed 2 hours after one ciga-
rette smoking under blackcurrant supplements (black solid lines in Figure 4(a)
and Figure 4(b)). Single oral administration of anthocyanin at 210 mg abolished
one cigarette smoking-induced decrease in FMD (8.3% * 3.4% vs 9.6% * 3.6%, p
= ns) in smokers (black solid line in Figure 4(d)). FMD was unchanged after
2-hour resting in non-smokers under blackcurrant supplements (gray dotted

line in Figure 4(d)).

4. Discussion

The major findings of this study are as follows. Oxidative stress d-ROMs, anti-
oxidant capacity BAP, and endothelial function at baseline were similar between
young healthy smokers and non-smokers. One cigarette smoking induced tran-
sient endothelial dysfunction without affecting oxidative stress and antioxidant
capacity in young healthy smokers. Single oral administration of anthocyanin
rescued smoking-induced endothelial dysfunction without affecting oxidative
stress and antioxidant capacity in young healthy smokers, but facilitated oxida-
tive stress in young healthy non-smokers.

Oxidative stress d-ROMs, antioxidant capacity BAP, and endothelial function
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assessed by FMD measurement were all similar between young healthy smokers
and non-smokers. In clinical studies, long-term exposure to cigarette smoke was
reported to induce systemic lipid peroxidation with depletion of antioxidants
such as vitamins A and C and elevation of inflammatory responses including
C-reactive protein, fibrinogen, and interleukin (IL)-6 [15]. However, in short-term
smokers, higher glutathione (GSH) levels as antioxidant capacity were observed
in erythrocytes compared with non-smokers [16]. In response to cigarette
smoking, y-glutamyl cysteine ligase relating to GSH synthesis is upregulated in
erythrocytes and results in increased production of GSH [17]. Thus, it is of sig-
nificance that the level of antioxidant capacity BAP in young healthy smokers is
located at the level between short-term and long-term smokers. This also sug-
gests that an adaptive response to the continuous exposure to oxidants in ciga-
rette smoking may be activated acutely promptly but declined chronically easily.
In young healthy smokers, the maintained antioxidant defense system may lead
to similar levels of baseline oxidative stress and endothelial function compared
with those in non-smokers. In regard with other adaptive response to cigarette
smoking, the lower IL-6 concentration in broncho-alveolar lavage fluid and the
higher salivary superoxide dismutase activity were reported in healthy smokers
(18] [19].

4.1. Effect of One Cigarette Smoking on Redox State and
Endothelial Function in Young Healthy Smokers

Cigarette smoke oxidants can directly impair endothelial function, primarily
through a lack of nitric oxide bioavailability which results both from decreased
nitric oxide formation by the dysfunctional endothelium and increased nitric
oxide scavenging by oxygen free radicals [20]. We previously confirmed that
peroxidized LDLs with four kinds of hydroperoxidized cholesteryl linoleate were
present in the plasma of young heavy smokers with more than 30 cigarettes/day
over 5 years [21]. Thus the d-ROMs method to measure lipid peroxidation
seems to be suitable system used. In the present study, we showed that one ciga-
rette smoking did not affect the serum levels of d-ROMs and BAP in young
healthy smokers. Lykkesfeldt et al reported that smoking induces lipid peroxi-
dation and increases the plasma levels of malondialdehyde in comparison to
non-smokers [22]. The increase in plasma lipid peroxidation is observed in pa-
tients with stable ischemic heart disease [23], and is involved in augmented
myocardial ischemia followed by reperfusion therapy [24]. In the young healthy
smokers who may be still protected by an adaptive response in antioxidant sys-
tem, however, single cigarette smoking might be unable to increase the level of
plasma oxidative stress. In this study, endothelial function was decreased after
one cigarette smoking in young healthy smokers. In general, endothelial dys-
function is one of the earliest pathological events that occur in the development
of cardiovascular diseases [25], and decreased FMD is involved in endothelial

dysfunction. Thus, it is likely that transient endothelial dysfunction induced by
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one cigarette smoking is caused by a lack of nitric oxide bioavailability presuma-
bly which results from decreased nitric oxide formation by dysfunctional endo-
thelium rather than the increased nitric oxide scavenging by oxygen free radi-

cals.

4.2. Anthocyanin Supplements Increase Oxidative Stress in Young
Healthy Non-Smokers

In general, the beneficial effects of antioxidant-rich food with respect to cancer
are widely reported [26] [27]; but these benefits are achieved by the diet itself
and not by supplements [12]. Moreover, the dietary intake involves low doses of
various antioxidants and not high doses of a single antioxidant. Indeed, two an-
tioxidant-rich diets were found to be safe in a randomized controlled trial in
male smokers [28].

The potential efficacy of dietary antioxidants at protecting against smok-
ing-induced oxidative stress was indicated as follows. Decrease in plasma vita-
min C was ameliorated by supplements of a vitamin cocktail containing vitamin
C, a-tocopherol, and folate in smokers [29]. Vitamin C supplements were effec-
tive at reducing levels of lipid peroxidation in smokers [30]. Antioxidant sup-
plements altered plasma lipid profiles in smokers in a manner consistent with
the reduction in oxidative stress [31]. However, disease outcome of antioxidant
clinical trials have provided less than anticipated results [32], and meta-analyses
of randomized controlled trials for high doses of antioxidants except polyphe-
nols found no overall relationship between the consumption of antioxidant sup-
plements and cancer risk [13].

To date, in young healthy smokers who are at lower risk than old continuous
smokers but maintain a higher risk than non-smokers, the clinical efficacy of di-
etary or supplementary antioxidants remains to be established. It is noted that
single oral administration of anthocyanin unexpectedly elevated the serum level
of d-ROMs slightly in young healthy non-smokers. In contrast, there was no ef-
fect of anthocyanin supplements on its level in young healthy smokers who were
already protected by an adaptive response in antioxidant system. Furthermore,
endothelial function was unchanged during two hours with or without black-
currant supplements in non-smokers. Taken together, these suggest that an ex-
cessive increase in antioxidant system by single oral administration of anthocya-
nin may facilitate oxidative stress as a reactive response, thereby the state of re-
dox balance is unchanged compared with that before administration of antho-
cyanin. To our knowledge, this is the first report that single oral administration
of anti-oxidant supplements could cause the unexpected increase in the serum

radical level in young healthy non-smokers.
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