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Introduction 

The cluster of  medical conditions that make up insulin resistance 
(IR) places an individual at risk of   developing type 2 diabetes 
(T2D), atherosclerosis and other chronic diseases. Elevated glu-
cose and free  fatty acids (FFA) are evident in individuals with 
IR and are associated with oxidative stress and  inflammation.
[1, 2] Oxidative stress and inflammation play a significant role in 
the etiology of   endothelial dysfunction [3]. Reduced endothelial 
function is closely associated with elevated concentrations of  glu-
cose and FFA in plasma resulting in oxidative stress and inflam-

mation [4, 5]. Endothelial dysfunction precedes the development 
of  atherosclerosis, a chronic disease characterized by abnormal 
thickening and hardening of  the arterial walls with resulting loss 
of  vasodilation, cell  migration and angiogenesis [6]. As a result 
of  these symptoms, individuals with atherosclerosis have a  higher 
risk of  developing a stroke or heart attack and reduced recovery 
from tissue injury [6].

There are human clinical trials and epidemiological studies that 
have demonstrated that dietary  antioxidants derived from plant 
foods may have preventive and therapeutic roles in a number of  
chronic  diseases. [7]We and others have shown that polyphenolic 
compounds derived from fruit extracts  modulate endothelial 
function in vitro and reduce blood pressure in vivo. [8-11] Further-
more, we have  shown that extracts derived from strawberry, wild 
blueberry and cranberry increased cell migration and  angiogen-
esis in vitro in endothelial cells via a mechanism that involved re-
dox-sensitive  phosphoinositosol 3 kinase (PI3K)/ protein kinase 
B (Akt). [9] Several studies have demonstrated that  endothelial 
cells exposed to high concentrations of  plasma glucose and FFA 
exhibit structural and  functional changes and are under condi-
tions of  increased oxidative stress.[5], [12-14] However, data are  
lacking on whether polyphenolic-rich berry fruit could repair 
endothelial cell damage and dysfunction imposed by elevated 
concentrations of  plasma glucose or FFA typically found in the 
fasting and postprandial states of  individuals with diabetes and 
pre-diabetes. Therefore, in the present investigation, we tested the 
hypothesis that berry extracts (strawberry extracts- SB and wild 
blueberry extracts-WB) attenuate high glucose- and/or FFA–in-
duced impaired cell migration and angiogenesis in vitro in human  
umbilical vein endothelial cells (HUVECs).
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Materials and Methods 

Berry Materials and Reagents 

Fresh, lowbush wild blueberries (V. angustifolium) (WB) were 
provided by the Wild Blueberry Association of  North America 
(WBANA, Orono, ME). The fresh WB were freeze-dried using 
a Millrock  Bench-Top Freeze-Dryer (Kingston, NY). The dried 
WB were ground into a powder using a coffee  mill, and stored 
at -80°C. Freeze-dried strawberry (SB) powder was supplied by 
the California  Strawberry Commission (CSC, Watsonville, CA) 
and stored at -80ºC until use. All chemicals were  purchased from 
Sigma Aldrich, St. Louis MO, unless otherwise stated.

Sample Preparation for Cell Culture Studies 

Stock extracts of  SB and WB were prepared by suspending freeze-
dried SB and WB powders (100 mg)  in 1 mL phosphate buffered 
saline (PBS; pH 7.4) and vortexing the mixtures for 1 minute. The 
suspensions were centrifuged (Eppendorf  5810R centrifuge) at 
1500 rpm for 5 minutes, and then  filtered through sterile 0.22 μm 
nylon syringe filters prior to use in cell culture experiments. Glu-
cose  (270 mg) was mixed with 1 mL sterile PBS to make a stock 
solution for all the glucose treatments. A  stock FFA solution was 
prepared by mixing 500 mL of  0.1N NaOH containing 26 mg 
of  palmitic acid  with 50 mg of  endotoxin-free bovine serum 
albumin (BSA) in 500 mL phosphate buffered saline (PBS), and 
heating the mixture at 70°C with constant stirring.

In Vitro Cell Culture 

Human umbilical vein endothelial cells (HUVECs) were pur-
chased from Lonza (Washington, DC) and  grown in endothelial 
cell growth medium (EGM, Lonza, Washington, DC) supple-
mented with 4% fetal  bovine serum (FBS). The glucose concen-
tration in the media was 5.5 mM. Cell viability was tested using the 
trypan blue exclusion test. [9] Apoptosis effects were investigated 
using the Caspase 9 Colorimetric Activity Assay Kit (Millipore, 
Waltham, MA). All experiments were conducted with HUVEC at 
the second or third passage. Cells were pre-incubated in 2% FBS 
medium for 2-3 h before  any treatments. [9]

Effects of  Berry Fruit Extracts on Endothelial Cell Migra-
tion 

The cell migration assay (scratch assay) was performed to investi-
gate the effect of  SB and WB extracts (0.2 mg/mL) on endothe-
lial cell migration for HUVECs treated with glucose and/or FFA. 
Our previous  data suggested that treating cells with 0.2 mg/mL 
SB or WB extracts for 5-8 h did not significantly  affect cell vi-
ability or induce apoptosis.[9] HUVECs were grown (>90% con-
fluent) in 6-well plates  containing 4% FBS and then were starved 
for 2-3 h in a media containing 2% FBS. Each well  containing a 
monolayer of  HUVEC was scraped in a straight line with a 200 
μL sterile pipet tip. Cell  debris was removed by washing the plate 
with PBS solution twice. HUVECs were pre-treated with 0.2  mg/
mL of  SB or WB extracts in a media containing 2% serum and 
then incubated for 2 h at 37 °C in a  humidified atmosphere con-
taining 5% CO2. Subsequently the same cells were treated with 
glucose solutions (10 mM, 15 mM or 20 mM), FFA solutions (0.5 
mM, 1 mM or 2 mM), or solutions containing  glucose + FFA 
(10 mM + 0.5 mM, 15 mM + 1 mM or 20 mM + 2 mM). Paral-
lel control experiments  were carried out with cells treated with 

PBS solution and with various concentrations of  glucose, FFA, 
and FFA + glucose without pretreatment with SB or WB extracts. 
The number of  cells that migrated  beyond the scratched lines 
at 0 and 8 h were counted under 40X magnification level using 
an  Olympus CKX41 microscope (Center Valley, PA) by a single 
investigator in a blinded manner.

Effects of  Berry Fruit Extracts on Capillary-like Tube For-
mation in Vitro in HUVECs

In vitro experiments using HUVECs evaluated the effects of  SB 
and WB extracts (0.2 mg/mL) on the  formation of  capillary-
like tube formations that mimic new blood vessel formation (an-
giogenesis). [9]  HUVECs (passage 2 or 3) were seeded in 6-well 
plates in medium containing 4% FBS until 80%  confluent. Prior 
to experiments, 4% FBS medium was replaced with 2% FBS me-
dium for 2-3 h to  starve cells. The cells were then incubated with 
SB or WB extracts for 2 h followed by treatment with  glucose 
solutions (final concentrations in the media-10 mM, 15 mM or 20 
mM), FFA solutions (final  concentrations in the media- 0.5 mM, 
1 mM or 2 mM), or solutions containing glucose + FFA (final  
concentrations in the media 10 mM + 0.5 mM, 15 mM + 1 mM 
or 20 mM + 2 mM) overnight. After the overnight incubation, 
cells were washed with PBS. Cells (10,000) were plated from each 
experimental  well in 48-well plates that had been pre-coated with 
100 μL of  growth factor-reduced Matrigel Matrix (BD Biosci-
ence, Franklin Lakes, NJ). Capillary-like tube formation was ob-
served and photographed  using 40x magnification levels using an 
Olympus CKX41 microscope (Center Valley, PA) after 5, 10, 15 
and 24 h. All completed capillary-like branches were counted by a 
single investigator in a blinded manner. Angiogenesis was quanti-
fied by counting the number of  capillary-like tubes formed per 
microscopic field.

Anthocyanin Analysis of  Wild Blueberry (WB) Powder 

Anthocyanins in the freeze-dried WB samples were identified and 
quantified using methods previously described.[9] Briefly, extracts 
of  WB were prepared by extracting freeze-dried powder with a 
mixed solvent containing acetone:water:acetic acid (70:29.5:0.5, 
v/v/v) for 1 h, centrifuging the extract at 10,000 g for 20 min, and 
finally filtering through Whatman no. 2 filter paper. An Accela 
HPLC system, equipped with a Synergi RP-Max 250 x 2.0 mm 
(4 μm i.d.) column (Phenomenex, Torrance, CA), photodiode ar-
ray (PDA) detector and Exactive Orbitrap mass spectrometer fit-
ted with an electrospray  interface (ESI) probe (Thermo Fisher 
Scientific), was used to separate and identify the anthocyanins in  
WB extract using chromatographic conditions described previ-
ously. [9] Quantification of  anthocyanins was done using a Waters 
(Milford, MA) Alliance 2795 HPLC system equipped with a Syn-
ergi Max –RP column (150 x 3.0 mm; 4 μm i.d.; Phenomenex), 
model 996 PDA detector, model 2475 fluorescence detector, and 
Quattro Micro triple quadrupole mass spectrometer using the 
conditions described by Tulio et al. [9] MassLynx (V.4.1) software 
was used to identify and quantify anthocyanins in extracts. Iden-
tification of  anthocyanins was also accomplished by comparing 
the retention times of  the peaks obtained during HPLC separa-
tions with those from reference standards and published data as 
previously described. [9] Analyses of  WB powder were done in 
triplicate.

Anthocyanin Analysis of  Strawberry (SB) Powder 

Strawberry (SB) powder used in this study was analyzed for antho-
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cyanins using LC-MS/MS as described previously. [15] Briefly, the 
freeze-dried strawberry powder was extracted with acetone:water 
(70:30, v/v) and the resulting mixture was filtered through a 0.2 
μm glass filter. The extract was dried under a nitrogen stream, 
then dissolved in water:acetonitrile (90:1). Analysis of  anthocy-
anins in SB extracts was performed on an Agilent 1200 Rapid 
Resolution HPLC system equipped with a Luna RP C-18 column 
(100 mm x 2.0 mm, 3 mm i.d.; Phenomenex), and 6460 triple 
quadruple mass spectrometer (Santa Clara, CA), using chroma-
tographic and MS conditions described by Edirisinghe et al.[15]
Anthocyanin compounds in the extracts were identified by reten-
tion times relative to standards and MS2 fragmentation patterns. 
Reference standards were used to quantify identified compounds, 
while theoretical molecular weights and published fragmentation 
patterns were used to confirm identities of  anthocyananins with-
out reference standards as described previously.[15] SB powder 
analyses were done in triplicate.

Total Phenolic and Vitamin C analyses 

Total phenolic and ascorbic acid concentrations in WB and SB 
powders were determined by the colorimetric assay developed by 
Slinkard and Singleton, [16] and the HPLC "procedure" as de-
scribed by Sanchez Mata et al.[17], respectively.

Statistical Analyses

The Sigma Plot 11 statistical program (Systat Software, Inc. Chica-
go, IL) was used to analyze the data. Normality and equal variance 
tests were performed followed by one-way ANOVA and multiple 
comparison tests. Treatments were considered significantly dif-
ferent at p<0.05. Results were given as the mean ± SD of  at least 
three independent trials.

Results

Effects of  fruit extracts with glucose and/or free fatty acid 
on cell migration in vitro in HUVECs 
 
Glucose: HUVEC cell migration was assessed by the scratch as-
say. Cell viability and apoptosis in response to SB and WB extracts 
were not significantly affected at the concentrations of  0.2 mg/
mL for 5-8 h post-treatment (p<0.05, data not shown). Cell mi-
gration was significantly enhanced in response to pre-treatment 
of  HUVECs with 0.2 mg/mL SB or WB extracts compared to 
the PBS control (p<0.05, Figures 1 and 2, control group). How-
ever, no significant differences (p>0.05) in the cell migration were 
observed between cells pretreated with SB or WB. Cell migration 
was significantly (p<0.05)  enhanced of  the cells treated with 10 
mM concentration of  glucose compared to the PBS control, and 
pre-treatment of  cells with either SB or WB did not significantly 
differ from 10 mM alone (p>0.05). At the highest concentrations 
of  glucose (15 mM and 20 mM), cell migration was not signifi-
cantly different from the PBS control (p>0.05). However, pre-
treatment of  cells with either SB or WB enhanced cell migration 
significantly with 15 mM glucose + SB only, but both fruits with 
20 mM glucose compared to their respective controls without SB 
or WB, or the PBS control (p<0.05).

FFA: Treatment of  HUVECs with 0.5, 1 and 2 mM of  FFA sig-
nificantly reduced cell migration compared to the PBS control 
(p<0.001) (Figure 3). At the 0.5 mM concentration, pre-treat-
ments with SB extract did not significantly increase cell migra-
tion compared to the 0.5 mM treatment without SB pre-treatment 
(p>0.05). However, WB significantly enhanced cell migration 
compared to 0.5 mM FFA alone (p<0.05) and showed no sig-

Figure 1: Effect of  strawberry and wild blueberry extracts on glucose and/or FFA-mediated  impaired cell migration in-vitro 
in HUVECs

HUVECs were starved for 2-3 h in a media containing 2% FBS. Each well containing a monolayer of  HUVEC was scraped (straight line) using a 200 μL sterile 
pipet tip. Cells were pre-treated with 0.2 mg/ml of  SB or WB extracts in a media containing 2% serum and then incubated for 2 h at 37 °C in a humidified 
atmosphere containing 5% CO2. Then HUVECs were treated with glucose solutions (Final concentration in the media-10 mM, 15 mM or 20  mM), FFA solu-
tions (final concentration in the media -0.5 mM, 1 mM or 2 mM), or solutions  containing glucose + FFA (final concentration in the media 10 mM + 0.5 mM, 
15 mM + 1 mM or 20 mM + 2 mM) and incubated for 15 h at 37 ºC in a humidified incubator containing 5% CO2. The representative figures shows number 
of  cells that migrated beyond the scratched lines at 0 and 8 h. Cells were counted under 40X magnification level by a single investigator in a blinded manner.
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Figure 2: Histograms represent mean ± SD cell migration beyond the scratch lines in the presence of  different concentra-
tions of  glucose 

Histograms represent mean ± SD cell migration beyond the scratch lines in the presence of  different concentrations of  glucose (Glucose 10 group-10 mM, Glucose 
15 group-15 mM and Glucose 20 group-20 mM- different treatment groups) in the presence of  strawberry (SB) or wild blue berry (WB) extracts in vitro in HU-
VECs. Different letters represent significant difference ( p<0.05) within each treatment group. *, p<0.05, **, p<0.01, ***, p<0.001, vs. PBS treated control, n=3.
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Figure 3: Histograms represent mean ± SD cell migration beyond the scratch lines in the presence of   different            
concentrations of  free fatty acids 
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Histograms represent mean ± SD cell migration beyond the scratch lines in the presence of   different concentrations of  free fatty acids (FFA 0.5 group- 0.5 mM, 
FFA 1 group- 1 mM, FFA 2  group- 2 mM- different treatment groups) in the presence of  strawberry (SB) or wild blue berry (WB) extracts in vitro in HUVECs. 
Different letters represent significant difference ( p<0.05) within each  treatment group. *, p<0.05, **, p<0.01, ***, p<0.001, vs. PBS treated control, n=3.
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nificant difference from the PBS control (p>0.05). Pre-treatment 
of  HUVECs with SB and WB extracts significantly attenuated 
FFA-induced  impaired cell migration at 1 mM and 2 mM of  FFA 
concentration (p<0.05) although the enhanced effects were not 
significantly different compared to the PBS control (p>0.05)

Nutrient Combination: Cell migration was significantly de-
creased (p<0.05) for all glucose/FFA combinations tested (glu-

cose 10 mM+ FFA 0.5 mM, 15 mM glucose + 1 mM FFA and 20 
mM glucose + 2 mM FFA) compared to the PBS control (Figure 
4). For all combinations tested, pre-treatment of   cells with either 
SB or WB resulted in significantly enhanced cell migration com-
pared to their respective control treatments without SB or WB 
(p<0.05), but not significant different (p>0.05) compared to the 
PBS control; except for the glucose 10 mM + FFA 0.05 mM in 
WB group.

Figure 4: Histograms represent mean ± SD cell migration beyond the scratch lines in the presence of  different 
concentrations 

Histograms represent mean ± SD cell migration beyond the scratch lines in the presence of  different concentrations of  (Combo 1 group-glucose 10 mM + FFA 0.5 mM, 
Combo 2 group- glucose 15 mM + FFA 1 mM, Combo 3 group -glucose 20 mM + FFA 2 mM) in the presence of  strawberry (SB) or wild blue berry (WB) extracts in vitro 
in HUVECs. Different letters represent significant difference (p<0.05) within each treatment group. *, p<0.05, **, p<0.01, ***, p<0.001, vs. PBS treated control, n=3.

Figure 5: Effect of  strawberry and wild blueberry extracts on glucose and/or FFA-mediated impaired capillary like tube 
formation       in-vitro in HUVECs. 

HUVECs were starved for 2-3 h in a media containing 2% FBS. Cells were pre-treated with 0.2 mg/ml of  SB or WB extracts in a  media containing 2% serum 
and then incubated for 2 h at 37 °C in a humidified atmosphere containing  5% CO2. Then HUVECs were treated with glucose solutions (final concentration in 
the media 10 mM, 15 mM or 20 mM), free fatty acid solutions (final concentration in the media FFA-0.5 mM, 1 mM or 2 mM), or solutions containing glucose 
+ FFA (final concentration in the media 10 mM + 0.5 mM, 15 mM + 1 mM or 20 mM + 2 mM) and incubated for 15 h at 37 ºC in a humidified incubator 
containing 5% CO2. HUVECs were lifted and seeded on a Matrigel matrix to investigate capillary-like tube formation. The representative figures shows num-
ber of  capillary-like tubes formed at 5 h and capillary like branches were counted under 40X magnification level by a single investigator in a blinded manner.
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Figure 6. Histograms represent mean ± SD capillary-like tube formation in the presence of  different concentrations 
of  glucose 

Histograms represent mean ± SD capillary-like tube formation in the presence of  different concentrations of  glucose (Glucose 10 group-10 mM, Glucose 10 
group-15 mM and Glucose 10 group 20 mM- different treatment groups) in the presence of  strawberry (SB) or wild blue berry (WB) extracts in vitro in HU-
VECs. Different letters represent significant difference ( p<0.05) within each treatment group. *, p<0.05, **, p<0.01, ***, p<0.001, vs. PBS treated control, n=3.
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Figure 7: Histograms represent mean ± SD capillary-like tube formation in the presence of  different concentrations of  
free fatty acids
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Histograms represent mean ± SD capillary-like tube formation in the presence of  different concentrations of  free fatty acids acids (FFA 0.5 group- 0.5 mM, 
FFA 1 group- 1 mM, FFA 2 group- 2 mM- different treatment groups) in the presence of  strawberry (SB) or wild blue berry (WB) extracts in vitro in HUVECs. 
Different letters represent significant difference (p<0.05) within each treatment group. *, p<0.05, **, p<0.01, ***, p<0.001, vs. PBS treated control, n=3.
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Table 1: Anthocyanin composition of  strawberry (SB) powder (mg/10 g)

Compound mg/10 g
1.Pelargonidin-3-diglucoside 0.37 ± 0.41
2. Cyanidin-3-O-glucoside 0.80 ± 0.02
3. Pelargonidin-3-O-glucoside 67.99 ± 5.1
4. Pelargonidin-3-O-rutinoside 2.35 ± 0.13
5. 5-Pyranopelargonidin-3-gluco-
side 0.42 ± 0.03
6. Pelagonidin-3-malonylglucoside 9.48 ± 0.58
7. Pelagonidin-3-malonylrhamno-
side 0.24 ± 0.00
Total detected anthocyanins 81.7

Effects of  fruit extracts with glucose and/or FFA on angio-
genesis (capillary-like tube formation) in vitro in HUVECs 

Glucose: Angiogenesis was assessed by observing capillary-like 
tube formation in vitro in HUVECs. Capillary-like tube forma-
tion was significantly increased in response to SB and WB extracts 
compared to the PBS control (p<0.05) (Figure 5-8). Furthermore, 
capillary-like tube formation was significantly enhanced in re-
sponse to 10 mM glucose treatment (p<0.05), but did not increase 
significantly at higher concentrations (15 mM and 20 mM) com-
pared to the PBS control (p>0.05) (Figure 6). Although capillary-
like tube formation was not significantly enhanced in response to 
the pre-treatment of  cells with SB or WB (p>0.05), when HU-
VECs were incubated with 10 mM glucose, SB or WB signifi-
cantly enhanced capillary-like tube formation in cells treated with 
high concentrations of  glucose (15 mM and  20 mM) compared 
to control experiments without SB or WB extracts (p<0.05). 

FFA: Capillary-like tube formation exhibited a dose-dependent 
decrease in response to FFA treatment  compared to the con-
trol (p<0.05, p<0.01 and p<0.001 for 0.5 mM, 1 mM and 2 mM 
FFA, respectively; Figure 7). FFA-induced impaired capillary-like 
tube formation was attenuated with SB and WB pre-treatment 
compared to their respective nutrient controls without fruit pre-
treatment. However, at 2 mM FFA concentrations, we observed 
significantly less capillary-like tube formation in cells pre-treated 
with SB or WB than the PBS control (p<0.05).

Nutrient Combinations: Tube formation was significantly de-
creased in cells treated with 15 mM glucose  + 1 mM FFA, and 20 
mM glucose + 2 mM FFA compared to the PBS control (p<0.05; 
Figure 8). At the highest concentrations tested (20 mM glucose 
+ 2 mM FFA), tube formation was completely abolished. Pre-
treatment of  cells with WB significantly attenuated the impaired 
tube formation induced by 15 mM glucose + 1 mM FFA and 20 
mM glucose + 2 mM FFA (p<0.05). In contrast, pre-treatment 

Figure 8: Histograms represent mean ± SD capillary-like tube formation in the presence of  different  concentrations  
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FFA: Capillary-like tube formation exhibited a dose-dependent 
decrease in response to FFA treatment  compared to the con-
trol (p<0.05, p<0.01 and p<0.001 for 0.5 mM, 1 mM and 2 mM 
FFA, respectively; Figure 7). FFA-induced impaired capillary-like 
tube formation was attenuated with SB and WB pre-treatment 
compared to their respective nutrient controls without fruit pre-
treatment. However, at 2 mM FFA concentrations, we observed 
significantly less capillary-like tube formation in cells pre-treated 
with SB or WB than the PBS control (p<0.05).

Nutrient Combinations: Tube formation was significantly de-
creased in cells treated with 15 mM glucose  + 1 mM FFA, and 20 
mM glucose + 2 mM FFA compared to the PBS control (p<0.05; 
Figure 8). At the highest concentrations tested (20 mM glucose 
+ 2 mM FFA), tube formation was completely abolished. Pre-
treatment of  cells with WB significantly attenuated the impaired 
tube formation induced by 15 mM glucose + 1 mM FFA and 20 
mM glucose + 2 mM FFA (p<0.05). In contrast, pre-treatment 
of  cells with SB was not effective in restoring tube formation 
impaired by all combinations tested. Microscopic images showed 
that the quality of  tube formation (length and completeness of  
branches) was reduced at the two higher glucose concentrations 
(15 and 20 mM), all three FFA concentrations (0.5-2 mM) and in 
all combinations compared to the PBS control (Figure 5).

Anthocyanin content of  SB and WB

The composition of  the SB and WB powders used in this study 
was published previously.[9, 17] Table 1 and 2 shows identity and 
amounts of  the major anthocyanins in SB and WB powders. The 
most abundant anthocyanin in SB powder was pelargonidin-3-O-
glucoside (67.99 ± 5.1 mg/10 g), followed by pelargonidin-3-O-
malonylglucoside (9.48 ± 0.58 mg/10 g). In WB samples, malvi-
din-3- O -glucoside (13.1 ± 2.8 mg/10 g) was the most abundant 
compound, followed by cyanidin 3- O -galactoside (9.5 ± 4.6 
mg/10 g) and malvidin-3- O – galactoside   (8.9 ± 2.4 mg/10 g). 
The total anthocyanin contents of  berry extracts (0.2 mg/mL) 

used in the cell migration and capillary-like tube formation assays 
were 2.04 and 2.06 μg/mL for SB and WB, respectively.

The total phenolic content for SB and WB powders was 125.51 ± 
2.34 and 122.68 ± 7.87 μg gallic acid equivalents (GAE)/10 g, re-
spectively as determined in a colorimetric assay. These values cor-
responded to 6.28 ± 0.12 and 6.13 ± 0.39 μg GAE/mL of  SB and 
WB extracts used in the cell migration and tube formation assays.

The ascorbic acid contents of  the SB and WB powders were 22.8 
± 0.48 and 0.08 ± 0.00 mg ascorbic  acid/10 g, respectively. These 
values corresponded to 0.57 ± 0.01 and 0.02 ± 0.00 μg ascorbic 
acid/mL SB and WB extracts used in the in vitro studies 

Discussion

In the present study, we investigated the effect of  anthocyanin-
rich extracts of  strawberry (SB) and wild blueberry (WB) on 
impaired endothelial function as assessed by cell migration and 
capillary-like tube formation induced by relatively high glucose, 
FFA, and combinations of  glucose + FFA in vitro in endothelial 
cells. Treatment concentrations were high with respect to physi-
ologically concentrations for a healthy fasting human, yet are typi-
cally seen in the fasting and postprandial states for pre-diabetic 
and diabetic individuals. Several studies have suggested that fruits 
rich in polyphenolic antioxidants modulate endothelial cell func-
tion including cell migration and angiogenesis. [9,11,15,18] In our 
previous study, anthocyanin-rich extracts of  SB and WB signifi-
cantly enhanced cell migration and capillary-like tube formation 
compared to a PBS control in vitro in HUVECs. [9]

Bioavailability is a key factor in determining the effects of  food-
derived polyphenols on physiological effects in humans. In recent 
years, cell culture studies have come under scrutiny when studying 
extracts of  fruit due to difference in metabolite profiles in vivo vs 
components used in vitro. While this is an important consideration 
and the subject of  future research, the study of  extracts is not 

Table 2: Anthocyanin composition of  wild blueberry (WB) powder (mg/10 g)

Compound mg/10 g
1. Delphinidin 3- O-galactoside 6.5 ± 2.8
2. Delphinidin 3- O-glucoside 4.0 ± 2.7
3. Cyanidin 3- O-galactoside 9.5 ± 4.6
4. Cyanidin 3- O-glucoside 5.8 ± 2.3
5. Petunidin 3- O- galactoside 1.1± 0.8
6. Cyanidin 3- O-arabinoside 2.7 ± 0.7
7. Petunidin 3- O- glucoside 4.9 ± 2.2
8. Peonidin-3-O- galactoside 7.6 ± 3.3
9. Peonidin-3-O-glucoside 2.3 ± 5.6
10. Malvidin-3- O- galactoside 8.9 ± 2.4
11. Malvidin-3- O- glucoside 13.1 ± 2.8
12. Malvidin-3- O-arabinoside 5.2 ± 2.4
13. Delphinidin-3-(6”-acetoyl) 
glucoside 1.4 ± 0.5
14. Cyanidin-3-(6”-acetoyl)glucoside 1.1± 0.5
15. Petunidin-3-(6”-acetoyl)glucoside 0.8 ± 0.2
16. Malvidin-3-(6”-acetoyl)glucoside 7.6 ± 3.5
Total detected anthocyanins 82.5
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entirely irrelevant at least in the case of  anthocyanins. Several in 
vivo studies have demonstrated that anthocyanin compounds such 
as anthocyanin glycosides and aglycones can indeed be absorbed 
intact, although plasma levels are in the low nM range. [15] [19].

Data from the present in vitro study indicated that cell migration 
and capillary-like tube formation were significantly decreased in 
the presence of  high FFA and combinations of  glucose + FFA 
compared to the PBS control in vitro in HUVECs. However, pre-
treatment of  cells with either SB or WB extracts attenuated the 
impaired endothelial cell migration and capillary-like tube forma-
tion induced by high FFA, and combinations of  glucose and FFA.

Plant foods, particularly fruits have been identified as dietary 
components that could reduce the risk in humans of  develop-
ing chronic diseases.[7] Dietary antioxidants, especially polyphe-
nolic compounds present in fruits are thought to be responsible 
at least in part for the beneficial effects.[20],[21] The chemical 
basis for the desirable properties of  polyphenolic compounds 
is believed to be their ability to change the endogenous redox 
status of  the cell thereby modulating cell-signaling pathways. [9] 
[22], [23] In the present study, anthocyanins and total polyphe-
nolic compounds in the cell culture media containing SB or WB 
were not significantly different as measured by chromatographic 
techniques and a colorimetric assay (Folin assay). However, in ad-
dition to polyphenolic compounds, SB and WB contain ascorbic 
acid, another potential antioxidant that can contribute to the re-
dox status of  the cells. In our previous study, we demonstrated 
that in addition to polyphenolic compounds, ascorbic acid can 
activate the redox-sensitive Akt/e-NOS signaling pathway in vitro 
in HUVEC. [24] Furthermore, Dudgeone et al demonstrated that 
ascorbic acid concentrations in the range of  1-300 μmol/L acti-
vated endothelial dependent relaxation signals.[25] In our study, 
the ascorbic acid content of  the SB extract was 0.57 ± 0.01μg/
mL (~3.2 μmol/L) while the concentration in the WB extract was 
~20 fold less. However, in the present study, cell migration and 
capillary –like tube formation in response to SB and WB were not 
found to be significantly different. Therefore, it can be suggested 
that cell migration and capillary –like tube formation in response 
to SB and WB were predominately governed by polyphenolic 
compounds in the extracts.

Our previous work showed that SB and WB induced HUVECs 
migration and capillary-like tube formation via the redox sensi-
tive PI3/Akt kinase pathway in vitro. [9] Endothelial cell migration 
and capillary-like tube formation are mediated by an endothelial 
nitric oxide synthase (eNOS) dependent mechanism requiring ac-
tivation downstream signaling of  PI3K/Akt, which phosphoryl-
ates eNOS.[26] Impaired activation/expression of  eNOS and/ 
or reduced bioavailability of  its product, nitric oxide, results in 
impaired endothelial function.[27] Relatively high glucose and 
FFA are known to impair the activation of  eNOS, alter eNOS 
expression and enhance nitrated tyrosine content in endothelial 
cells [28-30] Therefore, we propose that the decreased cell migra-
tion and capillary-like tube formation induced by the high FFA 
and combination of  high glucose and FFA treatments is due to 
impaired activation/expression of  eNOS and/or decreased bioa-
vailability of  nitric oxide. In the present investigation, SB and WB 
extracts attenuated cell migration and capillary-like tube forma-
tion in cells treated with FFA and combinations of  FFA +glucose. 
Therefore, it is reasonable to hypothesize that observed effects 
in the present study, were at least in part due to the activation of  
PI3K/Akt/eNOS activation in the presence of  SB or WB.

Polyphenolic antioxidants are known to activate the signaling mol-
ecules that enhance endogenous antioxidant defense mechanisms.
[22, 31] Experimental data strongly suggest that dietary polyphe-
nols can stimulate antioxidant enzyme transcription through anti-
oxidant responsive elements.[31] In the present study, HUVECs 
were pretreated with SB or WB 2 h before the treatment of  glu-
cose and/or FFA. Therefore, HUVEC cells may have augmented 
endogenous antioxidants and/or enzymes related to antioxidant 
defense by the time they were exposed to glucose and/or FFA. 
Therefore, preservation of   endothelial cell migration and capil-
lary-like tube formation in the presence of  fruit extracts with and 
without nutrient loads may also be due to stimulation of  endog-
enous defense systems resulting in cellular redox shifts. However, 
further mechanistic in vitro and in vivo studies are needed to con-
firm this mechanism.

Several studies suggested that that elevated glucose and FFA lev-
els lead to endothelial dysfunction. [29,30] The endothelial cell is 
paramount to cardiovascular health and is functionally sensitive 
to oxidative stress. [27] The relative increases in glucose and/or 
FFA levels generally observed in individuals with IR are known 
to increase reactive oxygen species (ROS) production resulting 
in activation of  stress sensitive signaling pathways. [1] Moreover, 
human clinical data derived from our laboratory indicated that 
high levels of  plasma glucose and blood lipids result in augmenta-
tion of  oxidative stress especially in the postprandial state. [15] 
The postprandial state is characterized by relatively high glucose 
and FFA with metabolic trafficking, biosynthesis, oxidative me-
tabolism and formation of  ROS. [32] Postprandial hyperglycemia 
and hyperlipidemia induced by typical Western-type meals rich in 
lipids and carbohydrates induce oxidative stress and endothelial 
dysfunction. [33] These effects are exaggerated in overweight/
obese individuals and are characteristic features of  IR. [15] There-
fore, it can be suggested that inclusion of  SB or WB in the daily 
diet will have significant benefits on cardio-metabolic functions.

Angiogenesis and cell migration are important factors in the pro-
gression of  cancers. Therefore, one can argue that polyphenolic 
compounds will stimulate the progression of  cancers especially 
people with relative high glucose and FFA, based on the data 
from the present study. It has been demonstrated that higher lev-
els of  polyphenolic compounds (in >10 μM range) inhibit an-
giogenesis and cell migration in vitro studies. [34, 35] However, 
a relatively low concentration of  polyphenolic compounds (<10 
μM) as observed in the present study enhance angiogenesis and 
endothelial cell migration. [9, 35] More work is needed to examine 
the effects of  polyphenol- rich fruit extracts in combination with 
glucose and/or FFA treatments on angiogenesis and cell migra-
tion in cancer cells.

In summary, the data from the present in vitro study indicated the 
beneficial effects of  SB and WB  extracts on endothelial function 
for cells presented to relatively high concentrations of  FFA and  
combination of  glucose + FFA. Furthermore, the data from the 
present study may help to understand the mechanism behind the 
impaired endothelial function in individuals with IR or uncon-
trolled diabetic conditions, and those in the postprandial state, es-
pecially after a consumption of  a Western-type high carbohydrate 
and high fat diet.
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