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A B S T R A C T

For the treatment of neurological disorders, polyphenols in Vaccinium berry species may be an effective addition
to standard medicinal products. Polyphenols may reduce oxidative stress and inflammation, processes believed
to contribute to disorders such as Parkinson’s disease. We performed an analysis of polyphenol content, bio-
chemical attributes and neurobiological activity of extracts from wild blueberries native to Newfoundland and
Labrador. Fruits and leaves of samples contained several polyphenolic compounds, such as anthocyanins, and
demonstrated high antioxidant capacity. Cell cultures of microglia, the innate immune cells of the brain, were
exposed to glutamate or α-synuclein in order to induce inflammatory responses, which decreased the amount of
cells after 24 h. Overall, treatment of cells with fruit or leaf extracts inhibited cell death and decreased mor-
phological criteria associated with inflammation. These results suggest that dietary intake of blueberry fruits and
leaves or supplements may be protective against neurodegenerative disorders that include a neuroinflammatory
component.

1. Introduction

In order to treat, prevent, or slow down the progression of neuro-
degenerative diseases associated with aging of the brain, rich amounts
of antioxidants such as polyphenols found in Vaccinium berry species
have been reported to be an effective alternative or addition to med-
icinal products (Chu, Cheung, Lau, & Benzie, 2011). The lowbush wild
blueberry species used in this study, known as Vaccinium angustifolium,
is known to be one of the richest sources of phenolic compounds
(Francis & Markakis, 1989), with one of the highest contents of anti-
oxidants of a variety of fruits and vegetables tested (Camire, 2000). In
addition, there are several reports showing that wild Vaccinium berry
species contain higher antioxidant capacity and phenolic content than
cultivated berries (Braga et al., 2013; Dinstel, Cascio, & Koukel, 2013;
Kang, Thakali, Jensen, & Wu, 2015). Over the years, polyphenols have
received much attention regarding their ability to reduce stress from
oxidation and inflammation (Li et al., 2014), as the potential benefits
they could exert on human health in the form of nutraceuticals is sig-
nificant. An extensive analysis of Newfoundland and Labrador (NL)
blueberry leaves and fruits has yet to be conducted. Therefore, it is
important to analyze the neurobiological activity and biochemical

constituents of compounds detected in Vaccinium species found in the
province.

According to a study by Hirsch and Hunot (2009), many neurode-
generative conditions demonstrate neuroinflammation, which is an
inflammatory response that occurs in the central nervous system (CNS),
resulting in brain damage. Microglia, also known as the immune cells of
the brain, are believed to play an important role in neuroinflammation
(Saura, Tusell, & Serratosa, 2003). In a healthy brain, microglial cells
are described to be in a resting state and appear ovoid with long pro-
cesses, while activated microglia on the other hand show structural
changes such as motile branching (Stence, Waite, & Dailey, 2001).
When alterations in the environment occur causing damage to the
neurons, microglial cells show signs of morphological change, in that
they proliferate and become phagocytic (Saura et al., 2003). This pro-
cess is known as microglial activation, which is a response to protect
neural tissues (Kreutzberg, 1996). Activation can cause programmed
cell death during brain development or when there is an injury in the
CNS (Perry, Nicoll, & Holmes, 2010).

In specific neurodegenerative diseases, there are increases in α-sy-
nuclein clusters, as well as excessive levels of the neurotransmitter
glutamate in the brain (Choi, 1988; Stefanis, 2012). Excess glutamate,
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which is produced due to synaptic activity, is usually taken up by as-
trocytes under normal conditions. However, in certain pathological
conditions, the uptake of glutamate by astrocytes is impaired (Persson,
Brantefjord, Hansson, & Rönnbäck, 2005). The term “excitotoxicity”,
which was coined by Olney (1969), is the process of glutamate being
released in large amounts and overstimulating amino acid receptors
that are excitatory. This excessive glutamate release is observed in cell
death and injury of the CNS (Lau & Tymianski, 2010), and is likely
related to α-synuclein levels (Sarafian et al., 2017). α-Synuclein is part
of the family of synuclein neuronal proteins that localize predominantly
to presynaptic terminals (George, 2002), and is found in the patho-
genesis of Parkinson’s Disease (PD) and other disorders related to
neurodegeneration. PD patients have demonstrated accumulation of
nigral aggregates and Lewy Bodies, immunoreactive to the protein α-
synuclein, which are often present and surrounded by activated mi-
croglia (Yamada, McGeer, & McGeer, 1992). We have previously shown
that native lowbush blueberry fruits and leaves collected in New-
foundland protect cultured rodent brain cells from high levels of glu-
tamate exposure (Vyas, Kalindindi, Chibrikova, Igamberdiev, & Weber,
2013). In an animal model, Shukitt-Hale et al. (2008) found that when
rats consumed a 2% blueberry fruit diet over the span of eight weeks
after using kainic acid to induce microglial activation, cognitive per-
formance improved significantly while decreasing microglial activa-
tion. Therefore, compounds in berries show promise for inhibiting in-
flammation and neurodegeneration. The present work was aimed at
determining the chemical constituents and biochemical activity not
only of wild blueberry fruits from Newfoundland but also the leaves of
this species. This study further demonstrates the potential neuropro-
tective effects that extracts from blueberries have in relation to the
inflammatory response mediated by microglia.

2. Materials and methods

2.1. Biochemical assays

All fruits and leaves used in these studies were from wild lowbush
blueberries (Vaccinium angustifolium). The blueberry samples were
collected from Pippy Park, and near Fort Amherst, Blackhead and
Marine Drive in the area of St. John’s, NL throughout the month of
September 2014. All samples were harvested and stored at −20 °C
within the first hour of collecting, then transferred to a −80 °C freezer
for storage to reduce the metabolic degradation of phenolic compounds.
For fruit extraction, stock solution was prepared consisting of 80% (v/
v) acetone with 0.2% formic acid, which we have used in previous
studies (Vyas et al., 2013). The stock solution was added to sample
based on the ratio; 1 g of sample to 5 ml of stock solution. For leaf
extraction, liquid nitrogen was added to the leaf sample, followed by
grinding to fine powder. Stock solution was added to leaf and fruit
samples, vortexed to homogenize, then shaken on ice for 30 min. The
solution was then centrifuged at 20,000g for 20 min at 4 °C and the
supernatant was collected. The final concentration for fruit extract was
250 mg/ml of fresh weight. The leaf extract was diluted 1:10, giving a
final concentration of 25 mg/ml of fresh weight. Leaf and fruit extracts
were diluted an additional 10× for all biochemical analysis, and all
experiments were replicated three times. Colorimetric reactions using
the Folin-Ciocalteu method were used to quantify the total polyphenolic
content (TPC) in plants as outlined by Vyas et al. (2013). The TPC was
determined using gallic acid as a standard and expressed as GAE or
‘gallic acid equivalents’ (Blainski, Lopes, & Palazzo de Mello, 2013),
expressed as milligrams of GAE per gram of sample fresh weight. The
total flavonoid content is measured using an aluminum chloride col-
orimetric assay as outlined by Vyas et al. (2013). The unit of mea-
surement for total flavonoid content (TFC) was expressed as μmol of
catechin equivalent (CE) per gram of sample. A method designed by
Chandrasekara and Shahidi (2011) was used to determine the total
tannin (proanthocyanidin) content of extracts. The standard used for

this vanillin reaction is commonly catechin (Price, Scoyoc, & Butler,
1978). The total tannin content was expressed as µmol of CE per gram
of sample. Total antioxidant capacity was determined using the 2, 2-
diphenyl-1-picrylhydrazyl (DPPH) assay, which is a stable free radical
that is violet in colour, adopted from the protocol outlined by Brand-
Williams, Cuvelier, and Berset (1995) with some additional modifica-
tions (Vyas et al., 2013). The unit of measurement for scavenging ca-
pacity (total antioxidant content) was expressed as ‘% of inhibition of
DPPH consumption’ and the results were expressed as GAE against the
gallic acid standard curve.

2.2. HPLC and MS analysis

Preparation of extracts was performed using methods outlined by
Cho, Howard, Prior, and Clark (2004) with modifications as we have
previously used in the lab (Hossain, Shea, Daneshtalab, & Weber,
2016). In short, the homogenate was placed into a lyophilizer and
freeze-dried. Extract-ion solution (20 mLs of methanol/water/formic
acid 60:37:3 v/v/v) was treated with 5 g of fruit/leaf powder. The
mixture was sonicated for 30 min in a water-bath sonicator, and then
centrifuged at 2600g for 30 min. A 4 ml aliquot of the supernatant was
collected and placed in a rotary evaporator at 45 °C until at least 95% of
extract solvent was removed. The sample was then re-suspended in 1 ml
of aqueous 3% formic acid solution and filtered through a 0.45 µm pore
filter. For standard and calibration curves, two grams of anthocyanin
reference standards (delphinidin 3-0-glucoside and cyanidin 3-ga-
lactoside) was dissolved in 10 ml of 3% formic acid to make a final
concentration of 200 µg/ml. The sample extracts were analyzed using
an Agilent 1100 Series HPLC system equipped with a G1311A qua-
ternary pump (Santa Clara, CA, USA; Serial Number DE40926119).
Fruit and leaf extracts from two locations, which showed the highest
levels of polyphenols in the biochemical analysis, were injected (about
15 µl) into the HPLC system. A Diode Array Detector (DAD) was used to
detect flavonols at 360 nm and anthocyanins at 520 nm. The para-
meters for mass spectrometry were similar to the design developed by
Cho et al. (2004), where both positive and negative electrospray ioni-
zation (ESI) were utilized. In order to identify the data for all extracts,
HPLC chromatographs and their MS values, these values were com-
pared to values accessible in the literature.

2.3. Cell cultures and treatments

Microglia, isolated from the brains of postnatal day two C57BL/6
mice, were purchased from ScienCell Research Laboratories (Carlsbad,
CA, USA). Microglia medium (ScienCell) consisted of 500 ml of sterile
basal medium, 5 ml microglia growth supplement, 25 ml of bovine
serum and 5 ml of penicillin/streptomycin solution, and was prepared
and stored at 4 °C. Cells were plated at a seeding density of ≥43,000
cells/cm2 per well in 500 µl of media. Once microglial cells had adhered
and progressed to more elongated cells, typically two days after plating,
they were treated with various conditions in 500 µl of media per well. A
stock solution of 2.0 ml media was added to 25 µl of dH2O and 2.5 µl of
solvent treatment as control. A stock solution of 10 mM L-glutamic acid
(Research Biochemicals Inc.) was made in sterile dH2O and then fil-
tered. Five µl of the 10 mM stock solution was added to culture wells in
order to give a final concentration of 100 µM glutamate. α-Synuclein,
61-140 was obtained from rPeptide (Watkinsville, GA, USA) and dis-
solved in sterile dH2O to produce a stock solution of 100 µg/ml. An
amount of 0.5 µl of this stock solution was added to 500 µl of microglia
media to yield a final concentration of 100 ng/ml of α-synuclein in a
given well. To investigate the effects of extracts, cell cultures were
exposed to 100 µM glutamate or 100 ng/ml α-synuclein with either 1 µl
of sterile filtered blueberry fruit or leaf extract per well. In order to
ensure that the solvent from the blueberry extracts had no effect on the
cells before treatment, 1 µl of the solvent alone was added to cells in the
first sets of experiments. This solvent consisted of sterile filtered 80%
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acetone, 0.2% formic acid and distilled water and was determined to
have no significant effect on the amount of microglia or on cellular
morphology after 24 h of exposure.

2.4. Imaging and immnocytochemistry

After the cells were treated for 24 h in various conditions, media
was removed from the wells, which were washed twice with 0.5 ml
phosphate buffered saline (PBS; pH 7.4). A 300 µl of 4% paraf-
ormaldehyde (PFA) fixative solution was then added to each well, and
removed after 20 min. Cells were permeabilized using 0.2% Triton X-
100 (Sigma) for 10 min and then washed once with PBS before in-
cubating with blocking solution, which consisted of 2% bovine serum
albumin, 2% fetal calf serum and 0.2% fish skin gelatin in PBS (250 µl
per well). The blocking solution was removed after 30 mins at room
temperature, and incubated with 250 µl of primary antibody for one
hour at room temperature, which labels the microglial marker Iba1
(1:500; produced in rabbit, Wako Laboratory Chemicals, Japan). The
cultures were then washed twice with PBS, and incubated in the dark at
room temperature for one hour with 250 µl of secondary antibody so-
lution, which produces green fluorescence (Alexa Fluor® 488, goat anti-
rabbit, Invitrogen, Carlsbad, CA; 1:300). After solutions were removed,
cells were washed with 0.5 ml PBS two times, dehydrated with 250 µl of
70% ethanol, followed by another dehydration step with 250 µl of
100% ethanol to remove all excess moisture. Approximately 15 µl of
VectaShield® mounting medium (Vector Laboratories, Burlingame, CA,
USA) containing fluorescent stain 4′, 6-diamidino-2-phenylindole
(DAPI) was added to wells, which works by binding to adenine-threo-
nine regions in DNA, and thereby labels the nuclei of cells and produces
blue fluorescence. This stain can be used to label live and fixed cells due
to its ability to pass through cell membranes. The cells were covered
with glass cover slips and stored at −20 °C. To determine cell number,
images of cells were captured using a Zeiss Observer A1 microscope and
a Pixelfly qe CCD camera at a magnification of 40X (pco, Kelheim,
Germany) using Axiovision software. The images were taken from 5
different sections of the well, and then DAPI-positive cells were counted
manually by two different investigators and averaged, consistent with
previous studies (Vyas et al., 2013; Weber et al., 2012). The differential
interference contrast microscope was used to observe the morphology
of cells in various treatments by capturing light microscopy images. In
order to more closely observe the effects of treatment on cell mor-
phology and changes to Iba-1 expression, immunofluorescence imaging
of Iba-1 labeled microglia were performed using a confocal microscope
(FV500, Olympus) with FluoView (Olympus) software.

2.5. Statistical analysis

The experiments for biochemical analysis were all repeated three
times and the data is expressed as mean ± standard error (SE). Using
two-sample assuming unequal variance t-test (Microsoft Excel), statis-
tically significant differences were determined between fruits and
leaves. One-way ANOVA and Duncan’s Multiple Range Variance Test
(SPSS 39, IBM Inc.) was used to determine differences between various
locations. The cell culture experiments were analyzed with one-way
ANOVA (P < 0.05) followed by the post hoc Tukey’s Multiple
Comparison Test (SPSS 39, IBM Inc.), and in all texts and figures the
data is expressed as means ± SE.

3. Results

3.1. Biochemical assays

In order to determine and identify the levels of polyphenols and
antioxidant capacity of samples collected from various locations, and to
directly compare the fruits with the leaves from each location, different
biochemical tests were conducted (data is represented in Tables 1 and

2). Significant differences between overall leaves and fruits were es-
tablished by using the two-sample T-test. When assessing the total
phenolic content (TPC), total flavonoid content (TFC) and total anti-
oxidant capacity (TAC) in lowbush blueberries, the leaves had a much
higher content when compared to the fruits (p < 0.001 in all com-
parisons). When comparing total tannin content (TTC) the leaves from
Fort Amherst and Pippy Park had higher levels than the respective fruits
(p < 0.05), however there was no significant difference in TTC be-
tween fruits and leaves from Marine Drive and Blackhead. When
measuring the TPC, leaf extracts from Pippy Park and fruit extracts
from Marine Drive had the highest soluble phenolic content. Fruits and
leaves collected from Pippy Park had the highest content of flavonoids,
while leaf samples collected from Pippy Park and fruits collected from
Marine Drive had the highest tannin levels. When we measured the
total antioxidant capacity of the blueberries and their leaves, we found
that TAC was the highest in leaves collected from Pippy Park and fruits
collected from Fort Amherst. The significant differences between fruit
or leaf samples of different locations was calculated by one-way
ANOVA, followed by Duncan’s Multiple Range Test. Data are expressed
as means ± SE; different letters indicate a statistically significance
difference between samples, where experiments were performed with
three replicates.

3.2. HPLC and MS analysis

In order to identify which anthocyanins were present in the extracts,
we conducted mass spectrometry (MS) analysis on the leaves and fruit
samples from locations that tested for the highest phenolic content as
determined by the biochemical analysis. In order to identify the an-
thocyanins, we matched the mass/charge number value (m/z) with the
literature values obtained from Cho et al. (2004) and Esposito, Chen,
Grace, Komarnytsky, and Lila (2014). Results showed that extracts from
Ft. Amherst and Pippy Park had overall high phenolic content, there-
fore we used extracts from those locations to conduct further HPLC-MS
experiments. It was found that fruits had more anthocyanin compounds
than leaves. We detected 9 different anthocyanin compounds in the
Pippy Park fruit sample (Table 3). The fruit sample from Ft. Amherst
contained the same anthocyanins as the Pippy Park sample, with the
addition of petunidin-3-arabinoside. The samples of leaves from both
locations contained the same 6 compounds (results for Ft. Amherst
leaves are in Table 4).

The HPLC readings allowed us to quantify the anthocyanins that we
had detected compared to standards. We chose two specific standards
based on past experiments conducted in our lab, delphinidin 3-gluco-
side and cyanidin 3-galactoside (Hossain et al., 2016). Using MS, we
were able to estimate the amount of cyanidin-3-galactoside in samples
of fruits and leaves from Pippy Park and Fort Amherst (Table 5). Al-
though fruit extracts contained a greater diversity of anthocyanins that
were detected at these specific wavelengths (see Tables 3 and 4), when
quantifying them, the leaves appeared to contain higher amounts of
cyanidin-3-galactoside (Table 5). Also, we were able to determine that
there was no detectable amount of delphinidin-3-glucoside present in
the leaves, although in the fruits, this anthocyanin was detected in
samples from Pippy Park and from Ft. Amherst (Table 5).

3.3. Cell culture

After determining the rich phenolic content in blueberries using
biochemical assays and HPLC-MS, we tested the potential neuropro-
tective capabilities these extracts had on nervous system tissue, speci-
fically microglial cells. We chose the fruit and leaf extracts from Pippy
Park, which contained high overall phenolic levels. We quantified cell
loss by counting the cells labeled with the nuclear marker DAPI in all
treatments. The cell counts were performed double blinded with dif-
ferent invesigators to ensure accuracy.

Light microscopy and confocal images (Figs. 1 and 2) captured
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microglia morphology in control conditions typically with an elongated
shape. Cells activated by treatment with α-synuclein appeared to have a
‘fried egg’ shape. Dark punctae were also visible in cells treated with
100 µM glutamate for 24 h (Fig. 1). Mixed morphology is also apparent
in confocal images of cells treated with blueberry extract (Fig. 2). We
also used the solvent alone in which extracts were prepared as a
treatment condition to ensure it was not harming the cell growth. Re-
sults showed no statistically significant difference between control and
solvent treatments. Blueberry fruit and leaf extracts from Pippy Park
were then tested further and results in Fig. 3 demonstrate that gluta-
mate and α-synuclein caused a statistically significant percentage of cell
death as evident by the decrease in DAPI-stained nuclei. Since there was
also a significant decrease in percentage of control cells when blueberry
fruit extract added to cells treated with glutamate, no significant neu-
roprotective effect was determined. There was an increase in average
percentage of control cells with blueberry leaf extract added to cells
treated with glutamate indicating a neuroprotective effect. The average
percentage of control cells present also increased once the blueberry
fruit and leaf extracts were added to conditions treated with α-synu-
clein, indicating a neuroprotective role of blueberries (Fig. 3).

4. Discussion

We collected blueberry fruits and leaves from different locations in
the St. John’s area of NL and analyzed extracts from these samples using
biochemical assays and HPLC. We were able to determine that blue-
berry fruit and leaf extracts were rich in phenolic compounds, such as
tannins, anthocyanins and flavonoids and have high total antioxidant
capacity. In all of the biochemical assay experiments with the exception
of tannins, leaves had a significantly higher content of total phenolic
and flavonoid content. The blueberry leaves also had a higher anti-
oxidant capacity than fruits, which indicates their ability to scavenge
free radicals is higher in comparison to the fruits, also confirmed by
previous findings (Li, Feng, Huang, & An, 2013; Vyas et al., 2013). We
also compared data from the samples of various locations. For blueberry
fruits, the TPC was highest in samples from Marine Drive, TFC was
highest for Pippy Park, TTC was highest in samples from Marine Drive
and the total antioxidant content was the highest in samples from Fort
Amherst. For the blueberry leaves, samples from Pippy Park had the
highest TPC, TFC and TTC. When analyzing the biochemical assays

from different locations, there are significant differences between
samples from some locations, while there is no significant difference
found between other locations. This could be due to factors such as
agronomic conditions, light, temperature, and even genotype could
influence some antioxidant components (Hosseinian et al., 2007). This
is also supported by previous literature where blueberry of the same
cultivars grown in different locations and different blueberry cultivars
grown in the same location had significantly different antioxidant ac-
tivity, suggesting the influence of genotype and environmental factors
(Connor, Luby, Hancock, Berkheimer, & Hanson, 2002). Different pro-
pagation methods can also affect the morphology of blueberry fruits, as
well as the phenolic content and antioxidant capacity of these fruits
(Goyali et al., 2013, 2015). It is also evident to see that in most cases,
the blueberry leaves have overall higher TPC, TFC, TTC and total an-
tioxidant capacity compared to their respective fruits, which is also
supported in previous findings (Vyas et al., 2013).

According to Aiyer, Ravoori, and Gupta (2011), blueberry fruits
contain a moderate amount of anthocyanins (~4000 parts per million),
so we analyzed these compounds in our berry samples using HPLC-MS.
We focused on fruits and leaves from Fort Amherst and Pippy Park,
which had the highest levels of antioxidants as determined by the
biochemical assays. We ran HPLC-MS on extracts from these two lo-
cations, and identified the anthocyanins according to previous methods
similar to Cho et al. (2004) and Esposito et al. (2014). We identified 10
different anthocyanin compounds in blueberry fruits from the two lo-
cations. In previous studies analyzing anthocyanins in lowbush blue-
berry fruits using HPLC-MS, many of these anthocyanins were also
detected (Barnes, Nguyen, Shen, & Schug, 2009). Also using HPLC-MS
we previously found 11 anthocyanins in commercial extracts from
lowbush blueberries (Hossain et al., 2016). In comparison, we detected
and identified 6 different anthocyanin compounds in the blueberry
leaves. This analysis on leaves is still limited, and other literature
suggests that more studies on anthocyanins are necessary in the vege-
tative parts and leaves of plants (Naczk, Grant, Zadernowski, & Barre,
2006). Li et al. (2013) found that the TPC and TFC in the leaves of
Rabbiteye blueberry (Vaccinium ashei) were approximately 1.5–3 fold
that of the fruits. We found that the TPC and TFC in our leaf samples
were about 20–50 fold that of fruits. Potential reasons for this sub-
stantial difference include the fact they are different in species or per-
haps the time of year they were collected. The detection of

Table 1
Biochemical characteristics of blueberry fruits from different locations.

Sample Location Total Phenolic Total Flavonoid Total Tannin Total Antioxidant
Content (TPC) Content (TFC) Content (TTC) Capacity (TAC)

Fort Amherst 4.87ab ± 0.06 0.14a ± 0.001 15.54a ± 0.19 4.50a ± 0.21
Pippy Park 5.37b ± 0.12 0.17b ± 0.004 13.02b ± 0.45 3.18b ± 0.11
Blackhead 4.72a ± 0.16 0.09c ± 0.003 15.89a ± 0.07 3.65c ± 0.16
Marine Drive 6.60c ± 0.28 0.15a ± 0.01 17.70c ± 0.21 3.19b ± 0.14

Within the same column, different letters indicate a statistically significant difference at P < 0.05 (i.e. samples with the same letter are not significantly different
from one another). According to the calculations, fruits from Marine Drive had the highest TPC and TTC, Pippy Park fruits had the highest TFC, and fruits collected
from Fort Amherst had the highest TAC. Data are expressed as means ± SE; n = 3 replicates for each sample.

Table 2
Biochemical characteristics of blueberry leaves from different locations.

Sample Location Total Phenolic Total Flavonoid Total Tannin Total Antioxidant
Content (TPC) Content (TFC) Content (TTC) Capacity (TAC)

Fort Amherst 144.45a ± 6.27 7.26a ± 0.15 27.78a ± 0.98 93.32a ± 0.41
Pippy Park 184.99b ± 4.31 8.19b ± 0.09 28.9a ± 0.38 111.77b ± 1.12
Blackhead 111.71c ± 4.59 3.90c ± 0.09 14.3b ± 1.12 99.49c ± 0.98
Marine Drive 128.47d ± 0.93 6.09d ± 0.18 20.1c ± 0.41 97.73c ± 1.32

Within the same column, different letters indicate a statistically significant difference at P < 0.05 (i.e. samples with the same letter are not significantly different
from one another). According to this data, leaves from Pippy Park had the highest TPC, TFC, TTC and TAC. Data are expressed as means ± SE; n = 3 replicates for
each sample.
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anthocyanins confirmed the presence of these bioactive compounds in
both the blueberry leaf and fruit extracts. In order to estimate the
quantity of some of these compounds, we used two standards that were
used in our lab in previous experiments; cyanidin-3-galactoside and
delphinidin-3-glucoside (Hossain et al., 2016). Although only cyanidin-
3-galactoside was detectable in the blueberry leaves, the levels of this
anthocyanin appeared to be higher than the respective fruit samples.
When comparing extracts from two locations, we found that the leaves
and the fruits from Pippy Park appeared to have a higher quantity of the
anthocyanins cyanidin-3-galactoside and delphinidin-3-glucoside than
the Ft. Amherst sample.

In a previous study conducted in our research group (Vyas et al.,
2013), rat brain mixed cell cultures consisting of glial cells and neurons
were exposed to glutamate toxicity, and we found that leaf extract from
both lingonberry and blueberries showed neuroprotection, while only
blueberry fruits showed neuroprotection. Therefore we focused solely
on blueberry extracts in this study to determine their protective role in
microglial cells derived from mice. In order to activate microglia, glu-
tamate and α-synuclein were used. We chose α-synuclein as past ex-
periments have observed that in response to this cytosolic protein, there
is an inflammatory response indicated by release of pro-inflammatory
cytokines in astrocytes and neurons (Lee, Kim, & Lee, 2010). Light
microscopy images demonstrated different morphology of healthy and
activated cells. Microglia in control conditions typically had an elon-
gated shape while activated cells treated with α-synuclein were ob-
served to have a ‘fried egg’ shape. Cells treated with glutamate for 24 h
had an increase in dark punctae, indicating disruption of cell bodies.
The presence of dark punctae and irregular circular shape morphology
was also observed previously in our lab where glial and neuronal cells
were treated with glutamate (Vyas et al., 2013). Blueberry fruit and leaf
extracts from Pippy Park were then tested further on microglia, as these
samples had high phenolic levels as well as high levels of delphinidin-3-
glucoside and cyanidin-3-galactoside.

Glutamate and α-synuclein used for cell activation caused a sig-
nificant percentage of cell damage and death evident by the decrease in
DAPI-stained nuclei. There was also a significant decrease in % of
control cells when blueberry fruit extract was added to cells treated
with glutamate, which indicates that blueberry fruit showed no sig-
nificant neuroprotection in this condition. This could suggest that cer-
tain concentrations of blueberry fruit extract would be ineffective to

microglia cells, as we previously found a concentration-dependent ef-
fect of the antioxidant oxyresveratrol on viable glia cells following mild
traumatic injury (Weber et al., 2012). However, there was an increase
in the number of viable cells when blueberry leaf extract was added to
cells treated with glutamate indicating a neuroprotective effect. There
was also a greater average % of control cells present once the blueberry
fruit and leaf extracts were added to cells treated with α-synuclein,
indicating a neuroprotective role blueberries can have on activated
microglial cells. One possibility is that blueberry anthocyanins are able
to reduce the amount of inflammatory mediators that are released,
which in turn reduced damage caused by oxidation. The anti-in-
flammatory effects of anthocyanins were observed in a study by
Youdim, McDonald, Kalt, and Joseph (2002), where human micro-
vascular endothelial cells were protected from TNFα-induced oxidative
damage. Many neurological disorders such as PD and AD are associated
with oxidative stress, which could lead to severe cellular damage, ne-
crosis and apoptosis (Routray & Orsat, 2011), and more emerging evi-
dence supports the idea that microglia could potentially be a source of
ROS which causes neuronal damage leading to neurodegenerative dis-
eases (Block & Hong, 2007; Block, Zecca, & Hong, 2007). Therefore, the
important antioxidant properties in blueberries can be highly beneficial
for the brain. As results show, by being able to inhibit cell death with
blueberry extracts that have been damaged by α-synuclein, there is
potential to slow down the progress of neurological diseases associated
with α-synuclein localization. Previous literature found that blueberries
decreased activation of microglial cells in intraocular hippocampal
grafts (Willis et al., 2010) and also increased newly generated cells in
the hippocampus of rats after supplementation with blueberries
(Casadesus et al., 2004), which is consistent with our data when fruit
and leaf extracts were added to cells treated with α-synuclein. In a
recent study, Maulik et al. (2019) demonstrated that dietary supple-
mentation with Vaccinium uliginosum could protect mice subjected to
Mn-induced neurotoxicity. Others recent studies have shown similar
findings as ours regarding anti-inflammatory effects. For example,
Carey et al. (2019) showed that blueberry supplementation could de-
crease activated microglia in mice on a high-fate diet, whereas Ma,
Johnson, Liu, DaSilva, Meschwitz, Dain, and Seeram (2018) showed
that extracts from berries were protective to microglia undergoing in-
flammatory stress. Another study showed that delphinidin-3-glucoside,
which we detected in our fruit samples, could protect microglia from

Table 3
Compounds identified in blueberry fruit extracts from Pippy Park using mass spectrometry at positive electrospray ionisation (ESI).

Peak Number HPLC retention time (mins) Compound Identified m/z value in literature* m/z value

1 20.2 Delphinidin 3-galactoside 465 464.9
2 21.7 Delphindin 3-glucoside 465 464.8
3 22.4 Cyanidin 3-galactoside 449 448.8
4 23.2 Delphinidin-3-arabinoside 435 434.8
5 24.2 Cyanidin-3-glucoside 449 448.8
6 26.6 Petunidin-3-galactoside 479 479.1
7 28.8 Peonidin 3-galactoside 463 462.9
8 29.2 Malvidin-3-galactoside 493 492.8
9 31.9 Peonidin-3-glucoside 463 462.9

* Literature value obtained from Cho et al. (2004) and Esposito et al. (2014).

Table 4
Compounds identified in blueberry leaf extracts from Fort Amherst using mass spectrometry at positive ESI.

Peak Number HPLC retention time (mins) Compound Identified m/z value in literature* m/z value

1 19.6 Cyanidin-3-galactoside 449 449.0
2 20.9 Cyanidin-3-glucoside 449 447.0
3 28.8 Petunidin 3-galactoside 479 479.0
4 34.5 Peonidin 3-galactoside 463 463.0
5 36.1 Peonidin 3-arabinoside 433 433.0
6 38.1 Malvidin 3-arabinoside 463 463.0

* Literature value obtained from Cho et al. (2004) and Esposito et al. (2014).
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inflammatory-induced stress signalling (Carey et al., 2013).
Overall, the data suggests that compounds in wild blueberries can

decrease neuroinflammation, and may therefore be efficacious in
slowing the progression of brain aging or of neurodegenerative diseases
with an inflammatory component, such as PD. Several studies have
indicated that compounds found in various types of berries are bioa-
vailable and that some adequately reach brain tissue after ingestion
(Kelly, Vyas, & Weber, 2017). Therefore, a diet rich in berries can be
beneficial for brain health. This study is in agreement with several other

studies related to polyphenolic content in Vaccinium species and adds to
the growing evidence of the anti-inflammatory and neuroprotective
effects of various species of blueberries. It is interesting that in general
the leaves have a much higher polyphenolic content and antioxidant
capacity compared to fruits, which suggest ingestion of the leaves of the
plants, perhaps as a supplement or in tea, could also have a positive
effect on the brain. Further studies are needed to determine the amount,
or concentration, of berries and extracts that are needed in the diet in
order to exert a positive effect on the nervous system.

Table 5
Anthocyanin levels detected in blueberry fruit and leaf extracts using mass spectrometry at positive ESI.

Sample Compound Identified Concentration injected sample (μg/ml; determined by standard at 520 nm) Amount of anthocyanin per gram weight (mg/100 g)

Pippy Park fruit Delphinidin 3-glucoside 248.3 99.3
Pippy Park fruit Cyanidin 3-galactoside 69.0 27.6
Fort Amherst fruit Delphinidin 3-glucoside 133.1 53.2
Fort Amherst fruit Cyanidin 3-galactoside 65.4 26.1
Pippy Park leaf Cyanidin-3-galactoside 288.0 115.2
Fort Amherst leaf Cyanidin-3-galactoside 442.6 177.0

Fig. 1. Light microscope cell culture representative images. Microglial cell images captured at 80X magnification using light microscopy after 24 h treatment with
glutamate (100 µM) or α-synuclein (100 ng/ml). Cell morphology is captured using high magnification differential interference contrast (H/DIC). Healthy cells in
control conditions are observed to be more elongated while activated cells treated with α-synuclein are observed to be a flatter, irregular shape. Cells treated with
glutamate are observed to have dark punctate present indicating cell disruption and irregular circular shape morphology.

Fig. 2. Confocal cell culture representative images. Microglial cell images captured using confocal microscopy. Cells have been treated for 24 h with 100 ng/ml α-
synuclein or 100 µM glutamate, or either condition plus blueberry fruit or leaf extract. Microglia are labelled by antibodies to Iba1 (green) and with DAPI-stained
nuclei (blue). Cells in control wells are typically thin and elongated (example is circled in white), while cells treated with α-synuclein or glutamate are in an activated
state (abnormal or ‘fried egg’ shape, examples are in circles). Both activated and healthy states (more elongated) are observed when treated with blueberry extract.
(Ctrl = Control, Glut = 100 µM glutamate, α-syn = 100 ng/ml).
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5. Conclusions

Biochemical assays and HPLC-MS results showed high amounts of
total phenolics and anthocyanins detected in blueberry fruits and leaves
from specific locations in NL, and also a higher amount of phenolics and
antioxidant capacity present in the leaves of the plants in comparison to
fruits. Cell culture studies demonstrated overall positive effects of
blueberry fruits and leaves on microglia, suggesting that compounds in
berries may act to decrease neuroinflammation. Our study adds to the
growing evidence demonstrating the neuroprotective effects of blue-
berries. With the prevalence of neurodegenerative diseases increasing,
it is important to consider functional foods and nutraceutical products
that could potentially be beneficial for slowing down the progression of
such disorders. Blueberry fruits and leaves, in a variety of forms from
powders to tea leaves, hold potential to have a major impact on brain
health. Future studies are needed to analyze the role of different iso-
lated antioxidant compounds present in blueberry fruits and leaves, as
well as how they are metabolized and absorbed in the body, in order to
better understand their potential roles in neuroprotection.
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