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ABSTRACT: Polyphenols are known to induce vasodilatory function via activation of the redox-sensitive phosphatidylinositol-3
(PI3)/protein kinase B (Akt) pathway. Black currant fruits have appreciable amounts of polyphenolic compounds including
cyanidin-3-O-glucoside, cyanidin-3-O-rutinoside, delphinidin-3-O-glucoside, and delphinidin-3-O-rutinoside. It was hypothesized
that black currant fruit extracts would cause activation of endothelial nitric oxide synthase (eNOS) through activation of redox-
sensitive PI3 kinase/Akt signaling pathway. To test this hypothesis, human umbilical vein endothelial cells (HUVECs) were treated
with different concentrations/times of black currant juice concentrates (Ben Gairn and Ben Hope) and the activation of Akt and
eNOS was measured using immunoblotting. Vitamin C is also known to activate Akt and eNOS in in vitro models, and black
currants are rich in vitamin C. Therefore, the effect of black currant extracts with and without coexisting vitamin C was investigated,
using SPE columns to eliminate vitamin C content. The individual (and combined) effects of the major anthocyanins present in
black currant juice samples with and without vitamin C were investigated and compared to the effects of the whole extract. Black
currant juice samples (1 μL/mL) significantly increased the phosphorylation of Akt (p-Akt) and eNOS (p-eNOS) (P < 0.05).
Activation of Akt and eNOS was abolished by incubation with wortmannin, a PI3K inhibitor, supporting the involvement of PI3K/
Akt. Vitamin C alone significantly increased the p-Akt and p-eNOS (P < 0.05); however, removal of vitaminC from black currant did
not significantly affect p-Akt and p-eNOS compared to black currant with vitamin C. Assessment of individual anthocyanins also
showed significant effects on p-Akt and p-eNOS. In summary, in the present study data suggested that black currant concentrates,
Ben Gairn and BenHope, activated eNOS via Akt/PI3 kinase pathway in vitro in HUVECs and that the effect was not dependent on
vitamin C.
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’ INTRODUCTION

Research supports the contribution of polyphenols derived
from fruits and vegetables in lowering the risk for developing
chronic diseases including cardiovascular diseases and cancers.
These studies have indicated that, in addition to their antioxidant
effects, polyphenols enhance the production of vasodilating
factors such as nitric oxide.1 Nitric oxide plays a key role in
maintaining vascular integrity and endothelial function. Healthy
endothelium maintains vascular tone and structure by regulating
the balance between vasodilation and vasoconstriction.2 On the
contrary, in pathologic conditions, especially under oxidative
stress and inflammation and particularly with the presence of
cardiovascular risk factors, the endothelium undergoes structural
and functional alterations, thus losing its protective role and
becoming a proatherosclerotic structure.2,3 In the earliest stages,
changes in the endothelium are predominantly functional and
termed accordingly “endothelial dysfunction”.

Polyphenolic compounds are bioactive nonessential com-
pounds found in fruits and vegetables and have been studied
extensively in the past decade for their health-promoting proper-
ties when consumed by humans. Polyphenolic compounds vary
widely in chemical structure, function, and composition in fruits
and vegetables. They are grouped according to their chemical
class, the largest subcategory being flavonoids, many of which

have been studied for their antioxidant activity in vitro and
in vivo.4,5 However, the biological effects of polyphenols may
extend well beyond the direct modulation of oxidative stress.
Both antioxidant and prooxidant properties of polyphenols have
been demonstrated with contrasting effects on cell physiological
processes.6 Due to their antioxidant/prooxidant activity, poly-
phenols may induce redox-sensitive kinases, resulting in down-
stream activation of several cell signaling molecules.6�8 We and
others have shown that extracts of strawberry, grape seed, tea,
and cocoa that are rich in polyphenols induce endothelial
dependent relaxation (EDR) mediated by the activation of
endothelial nitric oxide synthase (eNOS).7�10 Furthermore,
we have demonstrated that EDR is mediated by activation of
the redox-sensitive phosphatidylinositol-3 (PI3)/protein kinase
B (Akt) pathway.7,8

Black currants are a rich source of antioxidants. Black currants
contain appreciable amounts of the flavonoid subclass anthocya-
nins, including cyanidin-3-O-glucoside, cyanidin-3-O-rutinoside,
delphinidin-3-O-glucoside, and delphinidin-3-O-rutinoside.11
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Apart from the anthocyanins present in black currant, vitamin C
is also known to contribute to their antioxidant activity.12

Because of the potential antioxidant action of the anthocyanins
and vitamin C present in black currants and their juice, we
hypothesized that black currant fruit extracts would cause an
activation of eNOS through activation of the redox-sensitive PI3
kinase/Akt signaling pathway in vitro in human endothelial cells
and therefore may have a role inmaintaining endothelial function
and reducing the risk for cardiovascular diseases. Studies were
undertaken on human umbilical vein endothelial cells (HUVECs)
to address three specific objectives: (1) to investigate the effect of
black currant juice concentrates on the activation of eNOS and
Akt in vitro in HUVECs; (2) to investigate the role of vitamin C
on black currant-induced activation of Akt and eNOS in vitro in
HUVECs; and (3) to investigate the individual effect of themajor
anthocyanins present in black currant samples on the activation
of Akt and eNOS in vitro in HUVECs.

’MATERIALS AND METHODS

Unless otherwise stated, all chemicals were of LC-MS grade and
purchased from Sigma-Aldrich Co., St. Louis, MO. Cyanidin-3-O-gluco-
side and delphinidin-3-O-rutinoside were purchased from Chromadex
(Irvine, CA). Cyanidin-3-O-rutinoside and delphinidin-3-O-glucoside
were purchased from Polyphenols (Sandnes, Norway). Black currant
juice concentrates, of the Ben Gairn and Ben Hope varieties, were
provided by GlaxoSmithKline, Brentford, U.K. The detailed anthocya-
nin profiles of the concentrates are given in Table 1. The dilutions of the
juice concentrates were prepared in phosphate-buffered saline (PBS).
HUVECs were purchased from Lonza, USA, and grown in EGM-2
(Lonza, DC) medium with 10% fetal bovine serum (FBS). Cells were
grown to confluence (∼90%) and starved for 6 h in serum-free medium
before the cells were exposed to any treatments. Cell viability in response
to different concentrations/times was investigated using the trypan blue
exclusion test. Apoptosis in response to different concentrations/times
was investigated using a Caspase 9 Colorimetric Activity Assay Kit
(Millipore, Bedford, MA).
Preparation of Black Currant Concentrates. Freshly har-

vested black currants (Ribes nigrum ‘Ben Hope’ and ‘Ben Gairn’) were
processed through roller mills and then fed directly into temperature-
controlled mash heaters. The mash was heated to a controlled tempera-
ture of 50 �C for pectolytic enzyme hydrolysis. Sodium bisulfite was
added as an aqueous solution to achieve a sulfur dioxide level of 150mg/
kg. Once the pectinase enzyme blend and sodium bisulfite had been
added, the mash was maintained at 50 �C for 3 h. Juice was extracted
from the enzyme-treated mash by pressing with a Bucher HPX5005i
hydraulic press. On completion of the initial press, subsequent leaching
was performed using evaporator condensate at 60 �C. Pressed juice was

then heated through a tubular pasteurizer at a holding temperature of
103 �C for 30�45 s and then cooled to 35 �C. Pasteurized juice was then
clarified by sedicantation and filtration (Flottweg sedicanter S4D-3/408
and Flottweg decanter centrifuge Z4D). It was then passed through a
Velo evaporator (Velo TSE4000) and chilled to approximately 10 �C for
storage.
Chemical Analysis of Black Currant Juice Concentrates.

LC-MS/MS Analysis of Black Currant Juice Concentrate Samples. Black
currant juice concentrate samples were extracted with acetone/water
(70:30, v/v), evaporated to dryness under nitrogen, and dissolved in
acetonitrile/water (5:95, v/v). Analysis of anthocyanins in black currant
juice concentrate samples was performed using an Agilent Technologies
1200 series HPLC unit equipped with an Agilent Technologies 6460
triple Quadrupole LC-MS. Themobile phase was a gradient of 0.1% formic
acid in acetonitrile and 0.1% formic acid in water. Chromatographic
separation was achieved on an Agilent Poroshell 120 EC-C18 column.
The fourmost abundant anthocyanins (cyanidin-3-O-glucoside, cyanidin-3-
O-rutinoside, delphinidin-3-O-glucoside, and delphinidin-3-O-rutinoside)
were detected in positive mode (M + H)+, using an electrospray
ionization (ESI) source. The analysis was carried out using a full MS2

scan followed by MS2 product ion scan with multiple reactions moni-
toring (MRM) fragmentation. Compounds in the black currant juice
concentrates were quantified using commercially available standards
(0.625�20 μg/mL) dissolved in mobile phase immediately prior to
analysis. Stock solutions of anthocyanin standards were prepared in
methanol and stored frozen at �80 �C in amber vials.

Ascorbic Acid Assay. Vitamin C (ascorbic acid) analysis was per-
formed according to the method described by Sanchez Mata et al.13

Briefly, 500 μL of each black currant juice sample was extracted with
10 mL of a buffer solution containing dithiothreitol (DDT), potassium
phosphate (KH2PO4), andmetaphosphoric acid (HPO3). Samples were
then diluted with 15 mL of reagent alcohol/water (50:50, v/v) and
placed on a mechanical shaker for 18 min. A portion of the upper layer
was filtered through a 0.2 μm PTFE syringe filter and analyzed by
HPLC. The analysis was performed on Shimadzu Prominence HPLC
with UV detection at 258 nm. The mobile phase consisted of 75%
acetonitrile and 25% 0.15 mol/L acetate, pH 5.0. Chromatographic
separation was obtained using a Luna 3u NH2 100A 150 � 2.0 mm
column (Phenomenex, Torrance, CA). The concentration of vitamin C
was determined using a standard curve. Ascorbic acid standards (0.625�
20 μg/mL) were prepared fresh in a buffer solution (see above) and 50%
alcohol solution in a 1:3 ratio.

Elimination of Vitamin C from Black Currant Juice Concentrates
through an SPE Cleanup Method. Anthocyanins from black currant
juice samples (Ben Hope and Ben Gairn) were extracted using acetone/
water (70:30, v/v). Briefly, 200 μL of each sample was mixed with 10mL
of acetone/water (70:30, v/v) and vortexed for 1 min. The extracts were
then filtered through 0.2 μm PTFE syringe filters into 15 mL glass tubes
and evaporated to dryness under nitrogen. Samples were then dissolved

Table 1. Vitamin C and Major Anthocyanins Present in the Black Currant Juice Concentrates before and after Extraction Using
the SPE Column Cleanup Method

cyanidin-3-O-glucoside

(μg/mL)

cyanidin-3-O-rutinoside

(μg/mL)

delphinidin-3-O-glucoside

(μg/mL)

delphinidin-3-O-rutinoside

(μg/mL)

vitamin C

(mg/mL)

Ben Gairn 1795( 476 20880( 673 6756( 184 41533( 2912 7.51( 0.11

Ben Gairn

(anthocyanin extracted)a
1398( 469 16873( 651 5538( 58 31148( 917 NDb

Ben Hope 2343( 1017 20045( 1458 5840( 87 29601( 2377 7.32 ( 0.02

Ben Hope

(anthocyanin extracted)a
2237( 1085 18837 ( 969 5550( 95 25841( 716 ND

aAnthocyanin extraction: anthocyanins were extracted using the SPE column cleanup method as described under Materials and Methods. bND, not
detected, n = 3.
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in 10 mL of 3% formic acid in water and passed through preconditioned
with water and methanol SPE cartridges (Bond Elut C18, Varian, Cary,
NC). Samples were eluted with 3% formic acid in methanol, evaporated
to dryness, and dissolved in 2 mL of ascorbic acid dilution buffer
(mixture of 100 mL of ascorbic acid extraction buffer and 150 mL of
alcohol solution). Eluted samples were filtered through 0.2 μm PTFE
syringe filters. These samples were analyzed for vitamin C content using
the above method. For anthocyanin analysis, sample extracts using the
above method were dissolved in 1 mL of acetonitrile/water (5:95, v/v),
filtered through 0.2 μm PTFE syringe filters/ and analyzed using
LC-MS/MS.
Cell Culture Experiments. Effect of Black Currant Juice Con-

centrates on the Activation of eNOS and Akt in Vitro in HUVECs. The
effect of Ben Gairn and Ben Hope black currant juice concentrate
samples on the activation of eNOS and Akt was investigated using
HUVECs. Confluent HUVECs were starved for 6 h in serum-free
medium before the cells were treated with black currant juice concen-
trates. To identify the optimum time/concentration effects of Ben Gairn
and BenHope black currant samples on the activation of Akt and eNOS,
HUVECs were treated with different dilutions of Ben Gairn and Ben
Hope black currant juice samples (0.1�10 μL/mL) and incubated at
37 �C in a humidified atmosphere containing 5% CO2 for different
lengths of time (10�60 min). The incubation was stopped immediately
after each time point (10, 15, 20, 30, 40, 50, and 60 min) by adding ice-
cold PBS, the sample was washed twice with the same PBS, and cell
lysates were prepared in cell lysis buffer (Cell Signaling Technology,
Beverly, MA) (Figure 1).

It is known that anthocyanins activate Akt and eNOS via redox
sensitive PI3 kinase pathway.7 Therefore, wortmannin, a PI3 kinase
inhibitor, was used to confirm the mechanism. Some HUVECs were
treated with wortmannin (30 nmol/L) for 30 min before exposure to
Ben Gairn or Ben Hope black currant juice samples. Cells were
incubated at 37 �C in a humidified atmosphere containing 5% CO2

for 10min after they had been treated with BenGairn or BenHope black
currant juice samples (1 μL/mL). The reaction was stopped immedi-
ately by adding ice-cold PBS, the sample was washed twice with the same
PBS, and cell lysates were prepared in cell lysis buffer (Cell Signaling
Technology).

Cell lysates obtained from the above experiments were analyzed for
total protein using bicinchoninic acid assay (BCA) (Pierce Biotechnol-
ogy, Rockford, IL). Total proteins (30 μg) were separated on 7.5%
SDS�polyacrylamide gels (Bio-Rad, Hercules, CA). Separated proteins
were transferred electrophoretically onto nitrocellulose membranes
(Bio-Rad). Membranes were blocked with blocking buffer containing

5% blotto (Bio-Rad) in Tris-buffered saline solution and 0.1% Tween 20
(TBS-T) for 1 h. Phosphorylated Akt (Ser-473), phosphorylated eNOS
(Ser 1177), Akt, and eNOSwere detected after themembranes had been
incubated with the respective primary antibodies (rabbit anti-p-eNOS-
ser-1177, rabbit anti-eNOS, rabbit anti-p-Akt-ser-473, and rabbit anti-
Akt, Cell Signaling Technology; dilution of 1:1000) overnight at 4 �C.
Membranes were washed three times (10 min each) and incubated with
the secondary antibody (peroxidase-labeled anti-rabbit IgG, 1:20000,
Cell Signaling Technology) at room temperature for 60 min. Membranes
were washed again three times (10 min each), and the specific protein
bands were visualized using the enhanced chemiluminescence method
(Amersham-Pharmacia Biotech, Beverly, MA). All four proteins were
probed in the same blot, and the membranes were washed with stripping
buffer (Pierce Biotechnology) for 30 min in 37 �C before they were
incubated with the next primary antibody. β-Actin levels in the HUVECs
cell lysates in response to various treatments were also measured, and the
levels were not changed. Therefore, the phosphorylations of eNOS andAkt
were expressed as p-Akt/total Akt and p-eNOS/total eNOS, respectively.

Effect of Vitamin C Present in the Black Currant Juice Concentrates
on the Activation of Akt and eNOS in Vitro in HUVECs. Both Ben Gairn
and BenHope concentrates contained significant quantities of vitamin C
(Table 1). Vitamin C is also known to activate Akt and eNOS in in vitro
models.12 Therefore, this experiment was designed to identify the effect
of anthocyanins, vitamin C, and the combination of both on the
activation of Akt and eNOS in vitro in HUVECs. Vitamin C in the
black currant samples was eliminated using the method described above.
HUVECs were treated with black currant juice concentrate samples with
and without vitamin C and incubated at 37 �C in a humidified atmo-
sphere containing 5% CO2 for 10 min as described in Figure 1. The
reaction was stopped immediately after 10 min of incubation by adding
ice-cold PBS, the sample was washed twice with the same PBS, and cell
lysates were prepared in cell lysis buffer (Cell Signaling Technology).
Proteins were analyzed using a BCA assay, and p-Akt and eNOS were
detected using the immunoblottingmethod described in the above section.

Individual Effect of Major Anthocyanin Present in Black Currant
Juice Concentrates on the Activation of Akt and eNOS in Vitro in
HUVECs.Cyanidin-3-O-glucoside, cyanidin-3-O-rutinoside, delphinidin-
3-O-glucoside, and delphinidin-3-O-rutinoside were identified as four
major anthocyanins present in the black currant samples using LC-MS/
MS technology (Table 1). Therefore, we used commercially available
standard anthocyanin compounds present in the black currant (cyanidin-
3-O-glucoside, cyanidin-3-O-rutinoside, delphinidin-3-O-glucoside, and
delphinidin-3-O-rutinoside) to identify the individual effects of those
“individual” compounds on the activation of Akt and eNOS and
compared the activation responses with black currant juice samples
(Ben Hope and Ben Gairn). Stock solutions of anthocyanin standards
were prepared in methanol and stored frozen at �80 �C in amber vials.
These stock samples were evaporated under a nitrogen stream and
dissolved in PBS for cell culture experiments. The concentrations of the
standards for cell culture work were calculated on the basis of the
anthocyanin concentrations present in the black currant concentrates
that produced maximum phosphorylation effects (p-Akt and p-eNOS).
For Ben Hope, the concentrations of commercially available cyanidin-3-
O-glucoside, cyanidin-3-O-rutinoside, delphinidin-3-O-glucoside, and
delphinidin-3-O-rutinoside used in the cell culture were 2.3, 20, 5.8,
and 29 μg/mL, respectively. For Ben Gairn, the concentrations of the
commercially available cyanidin-3-O-glucoside, cyanidin-3-O-rutino-
side, delphinidin-3-O-glucoside, and delphinidin-3-O-rutinoside used
in the cell culture were 1.7, 20, 6.7, and 41 μg/mL, respectively. Serum-
starved confluent HUVECs were treated with Ben Hope or Ben Grain
black currant juice concentrates (1 μL/mL) with their major standard
anthocyanins as calculated above for 10 min in a humidified atmosphere
containing 5%CO2 at 37 �C. p-Akt and p-eNOSwere detected using the
method described in the above section.

Figure 1. Schematic overview of steps involved in investigating the
dose/time effect of black currant concentrates on the activation of eNOS
and Akt in vitro in HUVECs.
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Anthocyanins detected in human blood after the consumption of
foods containing appreciable amounts of anthocyanins are reported in
the nanomoles per liter range.14,15 Therefore, we investigated the effect
of four major anthocyanins at the concentration of 100 nmol/L
(cyanidin-3-O-glucoside, 45 ng/mL; cyanidin-3-O-rutinoside, 59.6 ng/
mL; delphinidin-3-O-glucoside, 46.6 ng/mL; and delphinidin-3-O-ruti-
noside, 61.2 ng/mL) on the activation of Akt and e-NOS in vitro in
HUVECs to mimic estimated circulating/physiological concentrations.
Furthermore, we mixed vitamin C [7.5 μg/mL (∼42 μmol/L)] with
100 nmol/L of each major anthocyanin to investigate the (potential)
synergistic effect of each anthocyanin and vitamin C on the activation of
Akt and e-NOS. The mixture of all four major anthocyanins with and
without vitamin C was also tested for the activation of Akt and eNOS.
p-Akt and e-NOS were measured using the immunoblotting method
described above.
Image Processing and Statistical Analysis. The phosphoryla-

tion levels of Akt and eNOS with different treatments/times were
compared with their own PBS-treated control experiments. The band
density that represents the phosphorylation and expression of Akt and
eNOS protein were determined by image J (image processing) software
program (NIH, Bethesda, MD) by a single investigator. The identities of
the bands were not known at the time of quantification. The Sigma plot
11 statistical program was used to analyze the data. Normality and equal
variance tests were performed followed by ANOVA. P < 0.05 was
considered to be significant. Results are given as the mean ( SD of at
least three experiments.

’RESULTS

Major Anthocyanins and Vitamin C in the Black Currant
Samples. With LC-MS/MS profiling, cyanidin-3-O-glucoside,
cyanidin-3-O-rutinoside, delphinidin-3-O-glucoside, and delphi-
nidin-3-O-rutinoside were identified as the major anthocyanins
present in both Ben Hope and Ben Gairn black currant juice
concentrates (Figure 2). In MRMmode peak partial overlapping
has no effect on quantitation accuracy due to its specificity,
especially if standards are being used. These anthocyanins were
quantified using respective standard curves and are reported in
Table 1. Black currant samples also contained significant quan-
tities of vitamin C and are reported in Table 1. We also carried
out experiments to eliminate vitamin C in the black currant
samples. After elimination of vitamin C from the black currant
juice samples, they were quantified again for anthocyanins and
vitamin C. Although we observed some reductions of anthocya-
nins after extraction procedure, vitamin C was not detected as
analyzed using the HPLC method (Table 1).
Effect of Black Currant Juice Concentrates on PI3K/Akt

and eNOS Activation in Vitro in HUVECs. HUVECs were
treated with black currant juice concentrates (Ben Hope and Ben
Gairn), and p-Akt and p-eNOS levels were measured as de-
scribed under Materials and Methods. Both Ben Hope and Ben
Gairn concentrate treatments resulted in significantly increased
phosphorylation of Akt and eNOS in a dose-dependent manner
(P < 0.05). The maximum p-Akt and p-eNOS were observed at
1 μL/mL in 10 min with both concentrates. HUVECs cell viability
and apoptosis at the concentrations/times tested were not affected
as measured by the trypan blue exclusion test and caspase 9 acti-
vity assay, respectively, compared to PBS-treated control experi-
ments. An immunoblot representing the dose-dependent effect of
Ben Hope black currant concentrate is given in Figure 3.
Polyphenolic compounds are known to activate eNOS via the

PI3/Akt pathway.7 Therefore, we investigated the effect of black
currant concentrates on the activation of Akt and eNOS in the

presence of a PI3 kinase inhibitor, wortmannin, in vitro in
HUVECs. As expected, phosphorylation of Akt and eNOS was
significantly attenuated in the presence of wortmannin compared
to the cells treated without wortmannin in response to both black
currant samples (Figure 4). These data support the involvement
of PI3 kinase in the events of activating Akt and eNOS in
response to black currant juice concentrates in vitro in HUVECs.
Effects of Black Currant Juice Concentrate with and with-

out Vitamin C on the Activation of Akt and eNOS in Vitro in
HUVECs. Black currant juice concentrates used in the present
study contained significant quantities of vitamin C (Table 1).
Therefore, experimentswere carried out to investigate the importance
of vitamin C on black currant-induced Akt and eNOS activation.
Vitamin C was removed from the black currant samples as
described under Materials and Methods. Subsequently, the
vitamin C depleted samples were tested for vitamin C, and no
trace amounts of vitamin C were identified (Table 1). HUVECs
were treated with black currant juice samples with and without
vitamin C as described under Materials and Methods (Table 2).
Some cells were treated with vitaminC alone (7.5μg/mL, corres-
ponding concentration present in 1 μL/mL Ben Gairn sample).
Significant differences were not observed in the levels of p-Akt
and p-eNOS in response to black currant samples with andwithout
vitamin C (P > 0.05). However, vitamin C alone significantly
increased the levels of p-Akt and p-eNOS compared to PBS control
(P < 0.05), but not to the same extent as black currant juice
samples. The levels of p-Akt and p-eNOS in response to the black
currant juice samples with andwithout vitamin Cwere significantly
higher (∼200 and 150%, respectively) compared to treatment with
vitamin C alone (P < 0.05). An immunoblot representing the
effects of Ben Hope concentrates with and without vitamin C is
given in Figure 5.
Effects of Major Anthocyanins Present in the Black Cur-

rant Juice Concentrates on the Activation of Akt and eNOS
inVitro inHUVECs.Themajor anthocyanins present in the black
currant juice concentrates were identified as cyanidin-3-O-gluco-
side, cyanidin-3-O-rutinoside, delphinidin-3-O-glucoside, and

Figure 2. Analysis of anthocyanin compounds in black currant juice
concentrates using LC-MS/MS. Identification of major anthocyanin
compounds in black currant samples was made through multiple reaction
monitoring (MRM) fragmentation analysis in both positive and negative
ionmode.The chromatogram represents theBenHope sample. Fourmajor
peaks were identified as (1) delphinidin-3-O-glucoside, (2) delphinidin-3-
O-rutinoside, (3) cyanidin-3-O-glucoside, and (4) cyanidin-3-O-rutinoside.
Quantitative analyses are given in Table 1.
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delphinidin-3-O-rutinoside by LC-MS/MS (Table 1). The ex-
periments were carried out to identify the effects of these major
anthocyanins alone and in combination compared to the effects
with Ben Hope and Ben Gairn black currant juice concentrate
samples on the activation of Akt and eNOS in vitro in HUVECs.
All four major anthocyanins (alone) showed significantly in-
creased p-Akt and p-eNOS compared to PBS control at their
corresponding concentrations found in BenGairn and BenHope
black currant concentrates (1 μL/mL) that produced maximum
p-Akt and p-eNOS (P < 0.05, Figure 6). The combination of all
four major anthocyanins produced significantly increased p-Akt
and p-eNOS compared to each individual anthocyanin alone
(P < 0.01). Phosphorylated Akt and eNOS in response to the
combination of all four major anthocyanins were similar to the
responses produced by Ben Gairn and Ben Hope black currant
concentrates (1 μL/mL).
Investigation of these same individual anthocyanin compounds at

a dose estimated to mimic blood concentrations (∼100 nmol/L)
did not produce any significant effects on phosphorylation of Akt or
eNOS compared to PBS control (P < 0.05, data not shown).

’DISCUSSION

In the present investigation, we aimed to assess the potential
role of black currants in maintaining endothelial function, a
critical prerequisite for cardiovascular health. Studies were under-
taken in vitro in HUVECs to address three specific objectives:
(1) to investigate the effect of black currant juice concentrates on
the activation of eNOS and Akt; (2) to investigate the role of
vitamin C on black currant-induced activation of Akt and eNOS;

and (3) to investigate the individual effect of the major antho-
cyanins present in black currant samples on the activation of Akt
and eNOS.

Polyphenolic compounds cause an EDR of aortic rings
in vitro7,8 and have also been shown to activate eNOS7,8 and
up-regulate eNOS in cultured endothelial cells.16 In humans,
polyphenolic compound-rich extracts of fruits and vegetables
have been shown to enhance flow-mediated vasodilation in the
brachial artery, a functional measure of EDR in humans.17

Therefore, we investigated whether black currant juice concen-
trates (Ben Gairn and BenHope) activate cell signaling pathways
leading to nitric oxide (NO) release, including phosphorylation
of Akt (on Ser473) and eNOS (on Ser1177) in vitro inHUVECs.
Ben Gairn and Ben Hope black currant juice concentrates
induced phosphorylation of Akt and eNOS as determined by
immunoblotting. Prior exposure to a PI3K inhibitor, wortmannin,
abolished the phosphorylation of Akt and eNOS in HUVECs,
supporting the involvement of PI3 kinase/Akt in the activation of
eNOS. Therefore, it can be suggested that incubation of en-
dothelial cells with black currant juice concentrates phosphor-
ylate eNOS through the PI3K/Akt pathway. A similar
mechanism of eNOS activation has been observed in response
to a grape seed extract,8 grape skin extract,18 purple grape juice,19

strawberry powder,7 and epigallocatechin-3-gallate,9 a major
flavonoid from the flavan-3-ol subclass found in green tea.

Previous studies have shown that vitamin C also causes an
EDR when applied over concentrations ranging from 1 to
300 μmol/L.12 In the present study, vitamin C levels in black
currant juice concentrates were 42.6 and 41.4 μmol/L (7.5 and
7.3 mg/mL) for BH and BG, respectively, which provides

Figure 3. Dose-dependent effect of black currant juice concentrates on activation of Akt and eNOS in vitro in HUVECs. Black currant sample
(BenHope)-induced Akt and eNOS phosphorylations were investigated using immunoblotting techniques as mentioned underMaterials andMethods.
Representative blots of the maximumAkt phosphorylation (p-Akt) and eNOS phosphorylation (p-eNOS) are given in panels A and B, respectively. The
histograms shown in both panels C and D are those obtained after quantification of the blots using densitometry (n = 3) for p-Akt and p-eNOS,
respectively. The ordinates are the relative ratios of the phosphorylated and nonphosphorylated form of each enzyme. (/)P < 0.05, (///) P < 0.001,
significant compared to PBS control (n = 3).
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for ∼42 μmol/L (∼7.5 μg/mL) in cell culture. Therefore, we
investigated the role of black currant juice concentrates on the
activation of Akt and eNOS in vitro in HUVECs with and without
vitamin C. Our approach included experiments to eliminate
vitamin C from the samples followed by investigations to deter-
mine the effect on phosphorylation of Akt and eNOS in vitro in
endothelial cells. Our methods indeed eliminated the vitamin C
from the samples as confirmed by the HPLC method (Table 1).
There were some anthocyanin losses in recoveries, especially in
Ben Gairn, which could be attributed to the loss of stability due
to ascorbic acid removal.20 Although we observed that some
compounds in the black currant concentrates were significantly
reduced after SPE cleanup procedure, it did not affect the p-AKT

and p-eNOS level compared to black currant juice concentrates
without SPE cleanup. This may be because anthocyanin con-
centrations in SPE cleaned black currant juice concentrates are
sufficient to produce themaximum level of phosphorylation (Akt
and eNOS) in endothelial cells. Vitamin C at 7.5 μg/mL
(42 μmol/L) increased the phosphorylation of Akt and eNOS
compared to PBS-treated cells. Significant differences in p-Akt
and eNOSwere not observed with the black currant samples with
and without vitamin C (P < 0.05); however, both produced
greater phosphorylation of Akt and eNOS than vitamin C alone,
suggesting that the effects of black currant juice concentrate are
not dependent on vitamin C. Synergism between vitamin C and
anthocyanins in the black currant samples was not observed,

Figure 4. Black currant (Ben Gairn and Ben Hope) juice concentrates activated Akt and eNOS through PI3 kinase in vitro in HUVECs. Black currant
sample (Ben Hope-BH and Ben Gairn-BG)-induced Akt and eNOS phosphorylations were investigated in HUVECs. The effects of a PI3 kinase
inhibitor, wortmannin, on black currant-induced Akt and eNOS phosphorylation were also investigated. Representative immunoblots show the effect of
BH and BG on phosphorylation of Akt (p-Akt) (A) and eNOS (p-eNOS) (B). The blot in lane 1 (control, PBS) is the control showing low
concentration of phosphorylated Akt and eNOS. Blots in lanes 4 and 5 show evidence of increased levels of phosphorylated Akt and eNOS after
incubation with BG and BH (1 μL/mL) for 10 min, respectively. The effects observed in lanes 4 and 5 are not evident in lanes 2 and 3 (pretreated with
wortmannin).Wortmannin alone for 30min did not show any increased levels of phosphorylated Akt and eNOS. The histograms in both panels C andD
are those obtained after quantification of the blots using densitometry (n = 3) for p-Akt and p-eNOS, respectively. The ordinates are the relative ratios of
the phosphorylated and nonphosphorylated forms of each enzyme. (///) P < 0.001, significant compared to control (n = 3).

Table 2. Experimental Approach Used To Investigate the Effect of Vitamin C Present in the Black Currant Juice Concentrates
(Ben Hope, BH) on the Activation of Akt and eNOS in Vitro in HUVECs

BH crude

sample

anthocyanin extracts

from BH

PBS

control

PBS/use of the same

extraction procedurea vit C

vit C/use of the same

extraction procedurea

stock solution concentration 100 μL/mL PBS 100 μL/mL PBS 1 mL PBS 1 mL PBS 0.75 mg/mL 0.75 mg/mL

final dilution in the cell culture

(dilution factor)

�100 �100 �100 �100 �100 �100

a Extraction procedures: Anthocyanins were extracted using the SPE column cleanup method as described under Materials and Methods. PBS and
vitamin C samples were extracted using the same procedures.



8622 dx.doi.org/10.1021/jf201116y |J. Agric. Food Chem. 2011, 59, 8616–8624

Journal of Agricultural and Food Chemistry ARTICLE

possibly due to the fact that anthocyanin concentrations in those
samples produced the maximum level of phosphorylation (Akt
and eNOS) in endothelial cells, and thus any additional effects
due to additive or synergistic effects cannot be observed. Dose
response experiments with various concentrations of black
currant samples with and without vitamin C are required to
identify and confirm synergies between anthocyanin and vitamin
C in black currant.

We also carried out experiments to investigate the individual
effects of major anthocyanins present in black currant juice
samples on the activation of Akt and eNOS in vitro in endothelial
cells. Doses for the individual anthocyanins were chosen on the
basis of the maximum response given by black currant samples in
vitro in endothelial cells. After a review of the literature, we also
chose one dose (100 nmol/L) per individual anthocyanin to
reflect plasma anthocyanin concentrations.14 The effects of
cyanidin-3-O-glucoside, cyanidin-3-O-rutinoside, delphinidin-3-
O-glucoside, and delphinidin-3-O-rutinoside did not significantly
change (P > 0.05) phosphorylation of Akt or eNOS at the
lowest/physiological dose (100 nmol/L) compared to PBS
control; however, at higher doses reflecting fruit concentrations,
Akt and eNOS were activated compared to PBS control. The
purified anthocyanin compounds were prepared and stored in
nitrogen-sealed amber-colored ampules, although they were
exposed to air before they were added to the cell cultures. The
stability of these compounds is not known, especially at lower
doses, which may explain the limited (or lack of, 100 nmol/L)
effect at the lower individual doses. The mixture of all four major

anthocyanins present in black currant juice concentrates signifi-
cantly increased the p-Akt and p-eNOS compared to the
responses observed with each individual anthocyanin. Notably,
the response of the mixture did not directly reflect the sum of all
four anthocyanin responses. The mixture did, however, produce
a response that was not different from the juice concentrates (at
1 μg/mL). This may not be surprising because the mixture of the
anthocyanins represented the total concentration of major antho-
cyanins in the fruit juice concentrate at the dose (1 μg/mL)
providing maximal phosphorylation of Akt and eNOS in en-
dothelial cells. The data suggest that each anthocyanin alone can
induce phosphorylation of Akt and eNOS, but there appears to
be a phosphorylation threshold, because additivity was not obser-
ved. Furthermore, our dose response experiments with the juice
concentrates indicate a threshold for phosphorylation of Akt and
eNOS. In the present study, we have not investigated the dose
response curves for different mixtures of anthocyanins. To deter-
mine if there are additive or synergistic relationships between the
individual anthocyanins, additional experiments with much lower
(including ineffective) doses of individual anthocyanins with
different combinations would be required.

In the present study, we suggested redox changes in endothe-
lial cells in response to the black currant anthocyanins and
vitamin C as the potential mechanism of the action responsible
for the activation of Akt and eNOS. However, we have not inves-
tigated the redox changes specifically in the endothelial cells
upon exposure to various anthocyanins and vitamin C in the
present study. It is possible that the other factors such as the

Figure 5. Effect of vitamin C depleted black currant juice concentrates on the activation of Akt and eNOS in vitro in HUVECs. Vitamin C in the black
currant sample (BenHope, BH) was eliminated using themethod described underMaterials andMethods. RepresentativeiImmunoblots show the effect
of BH and vitamin C depleted BH sample on phosphorylation of Akt (p-Akt) (A) and eNOS (p-eNOS) (B). Vitamin C (respective concentration found
in BH sample) alone increased the level of p-Akt and p-eNOS significantly (P < 0.05). However, significant difference was not observed between BH
samples and vitamin C depleted BH sample (P > 0.05). The histograms shown in both panels C andD are those obtained after quantification of the blots
using densitometry (n= 3) for p-Akt and p-eNOS, respectively. The ordinates are the relative ratios of the phosphorylated and nonphosphorylated forms
of each enzyme. (/) P < 0.05 and (///) P < 0.001, significant compared to control; (##) P < 0.01, significant compared to vitamin C (n = 3).
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redox status of the endothelial media and endothelial cells vary
from experiment to experiment, although we control the cell
passages (from passage 3�5), the composition of the endothelial
media, and the incubator conditions in all experiments.

The active compounds in vivo may not be the native antho-
cyanins found in black currants, which are tested in vitro in the
present study; they are more likely to be metabolites.15 Antho-
cyanins are extensively conjugated in the body, and nonconju-
gated metabolites most often account for a minor fraction of the
circulating metabolites.14,15 Very little is currently known regard-
ing the biological activities of metabolites.14,15 The available
literature suggests that in vitro studies of anthocyanins and their
metabolites must be considered carefully in light of their
bioavailability in in vivo studies. A significant body of literature
supports a role for oxidative stress in the pathogenesis of cardio-
metabolic diseases and a contribution of dietary anthocyanins to
disease prevention and progression.21 The complex relationships
between antioxidant status and disease are still poorly under-
stood, despite being extensively studied. For many years, plant
anthocyanins and other antioxidants were thought to protect cell
constituents against oxidative damage through scavenging of free
radicals. However, this concept now appears to be an over-
simplified view of their mode of action.6 More likely, cells
respond to anthocyanins mainly through direct interactions
with receptors or enzymes involved in signal transduction, which
may result in modification of the redox status of the cell and
may trigger a series of redox-dependent reactions6 through their
antioxidant effects. Therefore, the biological effects of anthocyanins

(polyphenols)may extendwell beyond themodulation of oxidative
stress. Detailed understandings of the molecular events underlying
these various biological effects in in vivo systems are essential for
evaluation of the overall impact on disease risk and progression.

In summary, the present study data showed that black currant
concentrates, Ben Gairn and Ben Hope, phosphorylated eNOS
via activation of the PI3 kinase/Akt pathway. Vitamin C alone
significantly increased the phosphorylation of Akt and eNOS,
although the magnitude of increase was significantly lower
compared to those of black currant juice concentrates. The
presence of vitamin C in the black currant concentrates did not
have significant effects on phosphorylation of Akt and eNOS
compared to black currant without vitamin C. Finally, the major
individual anthocyanins of black currant fruit juice induce phos-
phorylation of Akt and eNOS, however, only partially when
compared to the mixture of anthocyanins or the juice concentrates.
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