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Abstract

The effects of acute and chronic treatment with Aronia extracts on NO production and endothelial 

nitric oxide synthase (eNOS) phosphorylation in bovine coronary artery endothelial cells were 

investigated. Acute time-course and concentration-response experiments were performed to 

determine the time and concentration at which Aronia induced maximal NO synthesis and eNOS 

phosphorylation. The findings indicate that relatively low concentrations (0.1 μg/mL) of Aronia 

extract significantly induced NO synthesis and eNOS phosphorylation after 10 min of treatment. 

Increased sensitivity of eNOS and a significant increase in NO synthesis resulted from longer-term 

stimulation with Aronia (48 hr) and an acute re-treatment of the cells (10 min).

PRACTICAL APPLICATIONS—These in vitro results may be translated into potential future 

clinical applications where Aronia extracts may be used for prevention and coadjuvant treatment 

of cardiovascular diseases via increases in endothelial NO synthesis and related improvements in 

vascular functions. Given the dose-response effect of Aronia extract in vitro and metabolism of 

polyphenols that occurs in humans, dose-response studies would be necessary to define the 

optimal daily amount to be consumed.
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INTRODUCTION

Nitric oxide (NO) is a key modulator of vascular function that, under physiological 

conditions, is mainly produced by the endothelial nitric oxide synthase (eNOS) isoform 

(Forstermann et al. 1994). The development of endothelial cell dysfunction can impair the 
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physiological production of NO leading to increased susceptibility to cardiovascular diseases 

(CVD) (Buijsse et al. 2006). Therefore, increasing NO bioavailability is recognized as an 

effective preventive and/or therapeutic approach to reduce the incidence of CVD (Versari et 
al. 2009). Several epidemiological studies have demonstrated that the consumption of 

polyphenol-rich diets are associated with lower risk of CVD most likely due to their positive 

impact on endothelial cell function (Vita 2005). Fruits such as berries, vegetables such as 

olives, red wine, green tea, cocoa products are known to be important sources of 

polyphenols (Perez-Jimenez et al. 2010). Red wine polyphenols and green tea catechins have 

been proven to induce endothelial cell-dependent relaxations by increasing NO synthesis 

(Schini-Kerth et al. 2010a, Schini-Kerth et al. 2010b). Similarly, (−)-epicatechin, a cacao 

flavonoid, has been shown to directly increase NO levels in human coronary artery 

endothelial cells (HCAEC) (Ramirez-Sanchez et al. 2010). One of the mechanisms 

responsible for NO increase is the PI3-kinase/Akt-dependent activation of eNOS following 

the phosphorylation of Ser1177 (an activator site) (Anselm et al. 2007, Auger et al. 2010, 

Ndiaye et al. 2005, Ramirez-Sanchez et al. 2010).

Aronia melanocarpa, also known as black chokeberry, is recognized as having one of the 

highest content of phenolic compounds among various kinds of berries (Kahkonen et al. 
2001, Kulling and Rawel 2008, Valcheva-Kuzmanova and Belcheva 2006, Wu et al. 2004). 

Aronia contains high levels of proanthocyanidins, flavanols, anthocyanins (cyanidin 

glycosides), flavonoids (quercetin glycosides), chlorogenic acids, caffeic acid, triterpenes 

and fibers (Bermudez-Soto et al. 2007, Kokotkiewicz et al. 2010). Aronia extracts have been 

shown to positively impact CVD risk factors such as high blood pressure in patients after 

myocardial infarction (Naruszewicz et al. 2003) and metabolic syndrome (Chrubasik et al. 
2010). In an animal model of NG-nitro-L-arginine methyl ester (L-NAME) induced 

hypertension via inhibition of eNOS, oral exposure to Aronia ethanolic extract for 8 weeks 

significantly reduced systolic and diastolic blood pressure (Ciocoiu et al. 2013). Moreover, 

Aronia juice has been proven to induce porcine coronary artery endothelium-dependent 

relaxations via eNOS activation (Kim et al. 2013). However, no studies have examined the 

acute, dose-dependent effects of concentrated Aronia extracts on coronary artery endothelial 

cell NO production as well as its sustained actions on eNOS protein and phosphorylation. 

Therefore, the aim of this study was to evaluate the acute and sustained effects of an Aronia 

extract on NO production and eNOS phosphorylation levels in cultured bovine coronary 

artery endothelial cells (BCAEC).

MATERIALS AND METHODS

BCAEC were purchased from Cell Applications, Inc. Dulbecco’s Modified Eagle’s Media 

(DMEM), fetal bovine serum (FBS), antibiotic and antimicotic solutions were from Gibco®. 

DMEM Nonessential Amino Acids and Hank’s Balanced Salt Solution (HBSS) phenol red 

free were from Mediatech, Cellgro Inc. Protease, and phosphatase inhibitor cocktails, 

dimethyl sulfoxide (DMSO) and bradykinin (BK) were obtained from Sigma Aldrich. β-

tubulin, phospho-eNOS (p-eNOS Ser1177) and eNOS primary antibodies, as well as the 

anti-rabbit horseradish peroxidase (HRP) conjugated secondary antibody were from Cell 

Signaling Technology. Polyvidinil fluoride (PVDF) transfer membrane was from Millipore. 
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Enhanced chemiluminescence (ECL) Plus Western Blot detection kit was from Amersham. 

The nitrite/nitrate fluorometric assay kit was from Cayman Chemical.

Preparation of Aronia melanocarpa extract

Aronia extract, reference EK004255, lot number K219/001/D14 used in this study was 

provided by NATUREX-DBS. It contained 15% anthocyanins and 48.5% of polyphenols, as 

gallic acid equivalent. The amount of carbohydrates, lipids and proteins (and thus, caloric 

content) in the extract was negligible.

Cell culture

BCAEC were grown in 10 cm dishes with DMEM complete medium supplemented with 

10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin and 0.25 μg/mL amphotericin B 

(medium A). Cells were incubated at 37°C in a humidified incubator with 5% CO2, 95% air, 

and used for the experiments on their eighth passage at 80–85% confluence.

Cell treatment

For all experiments, 24 h before treatment, cell media was replaced with DMEM without 

phenol red plus 0.5% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin and 0.25 μg/mL 

amphotericin B (medium B). For NO measurements, cells were incubated with Aronia 

extract (or vehicle) for 10 min at increasing concentrations (0.0001–100 μg/mL). BK (1 

μg/mL) was used as a positive control given its known role as an eNOS activator. The extract 

concentration that yielded highest NO measurement was then used to determine differences 

in NO production as a function of time. For these experiments, cells were incubated for 5, 

10, 15, 30 and 60 min. For longer-term Aronia treatment, cells were incubated with Aronia 

extract for 48 hr. In a subset of 48 hr experiments, cells were provided an additional (i.e. 

second) dose of Aronia for 10 min to investigate the sustained treatment effects on NO 

production.

Total protein extraction

Cells were washed three times with cold HBSS without phenol red (5 mL/plate) and lysed in 

100 μL of ice cold lysis buffer (1% Triton X-100, 20 mmol/L Tris, 140 mmol/L NaCl, 2 

mmol/L ethylenediaminetetraacetic acid, and 0.1% Sodium Dodecyl Sulfate (SDS)) with 

protease and phosphatase inhibitor cocktails supplemented with 1 mmol/L 

phenylmethylsulfonyl fluoride, 2 mmol/L Na3VO4, and 1 mmol/L NaF. Homogenates were 

sonicated for 15 min at 4°C, and centrifuged (12,000 g) for 15 min to remove cell debris. 

The total protein concentration was measured in the supernatant using the Bradford method 

(Ernst and Zor 2010).

NO measurements

In order to evaluate the effect of Aronia on NO production, NO levels were measured in the 

form of nitrates/nitrites with a fluorescent kit (Cayman Chemical) according to manufacturer 

instructions using a fluorimeter (FLx800 Bio-Tek Instruments). After 24 hr of incubation 

with medium B, 5 mL of HBSS without phenol red (supplemented with 400 μM of L-

arginine and 1 % of non-essential amino acids) were added to each plate and incubated for 2 
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h at 37°C in 5 % CO2/95 % O2. Following incubation, BCAEC were treated as described 

above. Medium samples were collected after 10 min. For the NO time-course production 

experiments, medium samples were collected after the incubation times noted above. Values 

were normalized to total protein after the cells were scrapped from the plate and lysed as 

described previously.

Western Blot

The phosphorylation of eNOS at the Ser1177 amino acid residue (p-eNOS) and total eNOS 

were measured by Western blot. Cells were treated as described above. After treatment, cells 

were lysed and total protein was extracted. A total of 30 μg of protein was loaded onto a 4–

15% SDS polyacrylamide gel, electrotransferred, incubated for 1 hr in blocking solution 

(5% nonfat dry milk in tris-buffered saline solution plus 0.1% Tween 20 (TBS-T)), and 

followed by overnight incubation at 4°C with primary antibodies. Primary antibodies were 

diluted 1:1,000 in TBS-T plus 5% bovine serum albumin. Membranes were washed (3X for 

5 min) in TBS-T and incubated 1 h in the presence of HRP-conjugated secondary antibodies 

diluted 1:10,000 in blocking solution. Membranes were again washed three times in TBS-T, 

and the immunoblots were developed using an ECL detection kit. The band intensities were 

digitally quantified and normalized by total amount of eNOS or β-tubulin.

Data analysis

Data was analyzed using Prism 3.0 (GraphPad Software, San Diego, CA). All values are 

expressed as mean ± standard error of the mean (SE). Statistical analysis of data was 

performed using one way ANOVA followed by the Tukey’s post-hoc test. Data was 

considered significant when p-values obtained were <0.05.

RESULTS

NO production and eNOS activation by Aronia

As shown in Figure 1, maximal NO production (A) and eNOS activation (B) was achieved 

with a concentration of 0.1 μg/mL of Aronia extract which was ~75% of that reached with 1 

μM BK (as such, all subsequent experiments utilized 0.1 μg/mL Aronia). Changes in the 

levels of NO production correlated with those observed in p-eNOS. The Aronia extract half 

maximal effective concentration (EC50) was estimated using NO production levels (Figure 

2). EC50 numerical values can be found in Table 1. An Aronia extract concentration of 

0.001109 μg/mL yielded 50% of maximal NO synthesis.

Time-course of Aronia-induced NO production and eNOS activation

Aronia exposure for 10, 15 and 30 min yielded NO (Figure 3A) and phosphorylated eNOS 

levels (Figure 3B) statistically higher than those recorded at time 0. The maximal level of 

NO production and p-eNOS was achieved after 10 min of Aronia stimulation.

Effects of long term treatment

Levels of total eNOS protein were measured and normalized using β-tubulin (Liu and Xu 

2006) and results are shown in Figure 4. Levels of total eNOS protein increased (p=0.06) 
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after 48 hr of Aronia treatment vs. control (Figure 4A). However, re-stimulation (10 min) 

with Aronia following the 48 hr treatment yielded a significant additional increase in p-

eNOS (Figure 4B) and NO levels (Figure 5). p-eNOS values were normalized relative to 

total eNOS and β-tubulin.

DISCUSSION

Numerous studies have shown that the stimulation of NO production contributes to the 

cardiovascular health benefits associated with consumption of polyphenol rich products such 

as red wine, green tea, and cocoa (Ramirez-Sanchez et al. 2010, Schini-Kerth et al. 2010a, 

Schini-Kerth et al. 2010b). Aronia melanocarpa berries have been identified as having one of 

the highest content of phenolic compounds which characterizes it as a functional food 

(Kahkonen et al. 2001, Kulling and Rawel 2008, Valcheva-Kuzmanova and Belcheva 2006, 

Wu et al. 2004). Studies have utilized Aronia and other polyphenol-rich juices (Anselm et al. 
2007, Kim et al. 2013) leading to similar observations as those in this study. However, the 

consumption of fruit juices and sugar-sweetened beverages with high caloric content has 

been associated with increased incidence of metabolic diseases such as Type 2 diabetes 

(Imamura et al. 2015). Therefore, a reasonable alternative to benefit from the nutraceutical 

potential of polyphenol-rich foods may be to consume extracts in forms such as capsules, 

tablets or powdered sachet. Furthermore, beyond possible acute effects (e.g. NO mediated 

vasorelaxation), it is important to ascertain the effects of sustained polyphenol consumption 

on the NO/eNOS pathway. For example, it has been recognized that statin-induced 

beneficial effects on the endothelium not only relate to their ability to reduce cholesterol 

synthesis and atherosclerosis but also by preventing the down regulation of eNOS and 

increased NO bioavailability (Davignon 2004).

Time-course and concentration-response experiments were performed in BCAEC to 

determine the optimal parameters at which Aronia stimulation was maximized. Significant 

increases in p-eNOS were evidenced with Aronia concentrations ranging from 0.001–10 

μg/mL with peak effects observed at 0.1 μg/mL. As shown in Figure 1 and 3, these increases 

parallel the recorded NO levels. Interestingly, the levels of p-eNOS decreased when 

concentrations reached 1 μg/mL or greater. It is unclear as to what may explain this 

observation, but it may relate to a feedback control system activated when cells are over-

stimulated with such extracts.

Studies that have examined various polyphenol rich sources have demonstrated that peak 

NO stimulation can be achieved at higher concentrations than those found to be most 

effective for the Aronia extract (Ndiaye et al. 2005, Anselm et al. 2007, Ramirez-Sanchez et 
al. 2010). For example, red wine polyphenols (red wine powder) induced significant NO 

production (~2 fold) at a concentration of 3 μg/mL (or higher) in porcine endothelial cells 

(Ndiaye et al. 2005). A 50% increase in NO levels was noted using the same cells with 

Concord grape juice at 44 μg/mL (Anselm et al. 2007). Studies using pure (−)-epicatechin 

induced ~3.5-fold increase in NO levels in HCAEC at a concentration of 294 μg/L (1 μM) 

(Ramirez-Sanchez et al. 2010). Therefore, the Aronia extract appears to induce maximal NO 

synthesis at lower relative concentrations compared to other phenolic extracts and juices; an 

advantage that could be exploited in the nutraceutical field.
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In the time-course experiments, peak NO production and eNOS activation were observed 

within 10–30 min of Aronia treatment with a maximal NO level achieved at 10 min. This 

time frame of NO stimulation is similar to those reported for physiological stimulators of 

eNOS such as BK and estrogens (Chambliss and Shaul 2002, Ignjatovic et al. 2004). In line 

with our results, studies in porcine endothelial cells have reported that Aronia juice (67.3 μg 

GAE/mL) treatment can induced an approximate linear increase in eNOS phosphorylation 

after 3 min of treatment with peak effects observed at 30 min (Kim et al. 2013). Concord 

grape juice stimulation yielded a significant increase in p-eNOS levels after 3–30 min of 

exposure in the same types of cells (Anselm et al. 2007). It is worth noting that the levels of 

p-eNOS after 3–30 min of grape juice exposure seemed to remain unchanged and did not 

increase in a time-dependent manner as noted after Aronia juice treatment. Studies using 

rich-phenolic extracts report that p-eNOS levels decreased after peak levels were reached 

(Madeira et al. 2009, Ramirez-Sanchez et al. 2010). For example, a significant decrease in p-

eNOS levels was observed after 10 min of grape skin extract (300 μg/mL) treatment in 

porcine endothelial cells (Madeira et al. 2009). A similar reduction in NO levels was noted 

in HCAEC after peak NO was observed at 10–30 min of (−)-epicatechin exposure (Ramirez-

Sanchez et al. 2010). Although the time-course experiments with Aronia extract yielded a 

similar trend of NO and p-eNOS levels compared to grape skin and (−)-epicatechin extracts, 

the concentration utilized in this study was approximately 3 orders of magnitude lower.

No previous studies have reported on the long-term effects of Aronia treatment on eNOS 

protein levels and a limited number of studies appear to have investigated long term 

treatment of other rich-phenolic extracts in endothelial cells. Using the most effective 

concentration of the Aronia extract (0.1 μg/mL) as a treatment for 48 hr, we observed a trend 

for stimulation of eNOS protein levels (~35% over control) which upon re-treatment of the 

cells at 10 min led to significant stimulation of NO production and p-eNOS (~1.5 fold). 

Despite the fact that total protein levels did not substantially increase, greater levels of NO 

and p-eNOS after 48 hr +10 min of Aronia treatment may indicate greater sensitivity of the 

enzyme per given stimulus. There are reports on the effects of long-term treatment with 

polyphenolic rich compounds on eNOS protein and activity levels in endothelial cells 

(Leikert et al. 2002, Takahashi and Nakashima 2012). Leikert et al. reported that the 

stimulation of human umbilical vein endothelial cells for 20 hr with 600 μg/mL red wine 

polyphenol extract led to approximately 2.1 fold increase in eNOS protein levels and 

approximately 2 fold in NO production. Similarly, 24 hr treatment with resveratrol (10 

mM-1 μM) of HCAEC yielded from 1.5–2.5 fold increase in eNOS protein expression in a 

concentration-dependent manner. Takahashi and Nakashima also observed substantial time- 

and concentration-dependent increments of eNOS total protein levels and NO production 

throughout a 5-day treatment with resveratrol. Approximately, 2.5 fold increase in total 

eNOS and NO levels were reported after 5 days of resveratrol (50 nM) treatment. However, 

they did not observe significant increases in phosphorylated eNOS levels with long-term 

treatment. In contrast, this study observed about a 2.5 fold increase in p-eNOS protein levels 

following the 48 hr plus 10 min Aronia treatment. Perhaps long-term Aronia exposure 

prevents the down regulation of eNOS and increases its sensitivity promoting additional NO 

synthesis, which may have a positive long-lasting preventive effect against CVD.
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In conclusion, the results indicate that Aronia melanocarpa extract is an effective inducer of 

NO synthesis in a time- and dose-dependent manner most likely due to its high phenolic 

content. Long-term exposure to Aronia extract appears to further stimulate NO synthesis 

which may have important implications in future investigations using the extract.
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FIGURE 1. CONCENTRATION RESPONSE OF ARONIA-INDUCED NO SYNTHESIS AND 
ENOS ACTIVATION
A, Aronia concentration-response curve on NO synthesis. NO production after 0.1 μg/mL 

Aronia treatment showed to be statistically different from basal conditions. B, 

Concentration-response curve of Aronia-induced eNOS activation. Aronia (.001–10 μg/mL) 

and Bradykinin treatment significantly increased the phosphorylation of Ser1177 compared 

to basal level. Normalized basal eNOS activation level was set to 100. Data are expressed as 

mean ± SE (n=3). *p<0.05 Aronia vs. basal (vehicle only).
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FIGURE 2. HALF MAXIMAL EFFECTIVE CONCENTRATION (EC50) FOR THE 
STIMULATION OF NO LEVELS BY ARONIA
NO levels (pmol/mg protein) from concentration-response graph (Figure 1A) were used to 

calculate the EC50 value (and confidence intervals) for the Aronia extract. The concentration 

of Aronia that induced 50% of the maximum NO production level = 0.001109 μg/(n=3).
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FIGURE 3. TIME-COURSE OF ARONIA-INDUCED STIMULATION OF NO SYNTHESIS 
AND ENOS ACTIVATION
A, Time-course of NO synthesis by Aronia. B, Time-course of Aronia-induced eNOS 

activation. Normalized basal level was arbitrarily set to 100. Data are expressed as mean ± 

SE (n=3). *p<0.05 Aronia vs. basal (time=0).
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FIGURE 4. NO SYNTHESIS AFTER LONG TERM (48 HR) ARONIA TREATMENT 
MEASURED VIA ENOS PHOSPHORYLATION
A, Endogenous levels of total eNOS protein measured after 48 hr of Aronia treatment. 

Compared to control group, total eNOS protein level in the group under 48 hr-Aronia 

treatment was not significantly increased. B, eNOS phosphorylation detected after 10 min 

re-treatment with Aronia showing significantly increased levels compared to control group. 

Control group was maintained under basal conditions. Normalized control protein levels 

were arbitrarily set to 100. Data are expressed as mean ± SE (n=3). *p<0.05 Aronia vs. 

control (Ctrl = vehicle only).
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FIGURE 5. NO LEVELS AFTER LONG TERM (48 HR) TREATMENT WITH ARONIA
NO production significantly increased compared to control after long term Aronia exposure 

followed by acute re-treatment with the extract. Data are expressed in mean ± SE (n=3). 

*p<0.05 Aronia 48 hr +10 min vs. control.
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TABLE 1

NUMERICAL VALUES OF ARONIA EC50 CALCULATION.

Best-fit values

Log EC50 −2.955

Hill Slope 0.7762

EC50 0.001109

Goodness of Fit

R2 0.8110
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