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A B S T R A C T

Elderberries are among the richest sources of antioxidant anthocyanins with health-promoting properties. As low
circulating plasma antioxidant levels contribute to solid tumor malignancy, we assessed the antiproliferative
properties of two Canadian elderberry cultivar extracts, ‘Kent’ and ‘Scotia’, against human brain tumor-derived
cell line models and brain microvascular endothelial cells under both normoxic and hypoxic culture conditions.
Elderberry, concentrated elderberry and elderflower extracts inhibited cell proliferation in a dose-dependent
manner with berry extracts being more efficient. The antiproliferative effects resulted in cell cycle arrest through
alterations in cell cycle checkpoint protein expression and in apoptosis. Anthocyanins and or rutin contents of
the extracts efficiently inhibited cell proliferation alone or in synergy. Given brain tumors are characterized by
high hypoxic areas which contribute to therapy resistance, this is the first evidence suggesting that Canadian
elderberry extracts could efficiently target both the cancer and vascular compartments associated to brain tumor
development.

1. Introduction

Malignant brain tumors are among the most feared types of cancer,
not only for their poor prognosis, but also because of their direct re-
percussions on quality of life and cognitive function. The World Health
Organization (WHO) classification of tumors of the central nervous
system establishes a grading of human tumors, and groups gliomas into
4 histological grades (Louis et al., 2007). WHO grade III and grade IV
tumors are the most common type of primary malignant gliomas, of
which glioblastoma multiforme is the most aggressive form.

Growth of gliomas is characterized by the development of a het-
erogeneous vascularization. Indeed, at an early phase of tumor growth,
the vessels are small, sparsely branched, well organized and well per-
fused under normoxic conditions (Hendriksen et al., 2009). However,
when the tumor increases in size, the neovascularization becomes
morphologically and functionally unsuitable with irregular blood flow
creating hypoxic areas (Jensen, 2009). This hypoxic microenvironment

is a powerful stimulus for the expression of genes involved in tumor cell
proliferation and angiogenesis including hypoxia inducible factor-1α,
transforming growth factor-β and vascular endothelial growth factor
(VEGF) (Kaur et al., 2005), which stimulate vasculature development in
order to rapidly supply oxygen to malignant cells. These tumor cells
acquire resistance to treatment and successfully treating gliomas be-
comes challenging. Hence, more insight into chemopreventive agent
properties against tumor cell proliferation is needed.

Over the past few years, there has been a growing interest in nu-
traceutical intervention against different types of tumors, including
brain tumors (Ramachandran, Nair, Escalon, & Melnick, 2012; Rooprai,
Christidou, & Pilkington, 2003; Sheweita & Sheikh, 2011). This ap-
proach uses the chemopreventive properties of naturally occurring
phytochemicals, especially those from diet-derived vegetables, spices
and fruits (Surh, 2003; Wiseman, 2008). Among them, anthocyanins
exhibit beneficial effects against mechanisms involved in the progres-
sion of various diseases (He & Giusti, 2010; Hou, 2003). These
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flavonoids are a ubiquitous group of water-soluble natural pigments
responsible for the blue, purple, red and intermediate colors of leaves,
flowers, vegetables and fruits (He & Giusti, 2010).

Canadian elderberry or American elder [Sambucus nigra L. subsp.
canadensis (L.) R. Bolli; syn. S. canadensis L.] is native to eastern North
America. Although its European cousin [Sambuscus nigra L. subsp. Nigra
(L.), syn. S. nigra L] is relatively well developed as a horticultural crop,
more than twenty different cultivars have been developed either at the
New York Agricultural Experiment Station or at Agriculture and Agri-
Food Canada in Nova Scotia for their ornamental qualities or high
quality of berries (Finn, Thomas, Byers, & Serce, 2008). In fact, edible
purple-black fruits of the cultivated elderberry are considered one of
the richest sources of anthocyanins and phenolic compounds, which
contribute to the high antioxidant activity of these berries (Ozgen,
Scheerens, Reese, & Miller, 2010; Thole et al., 2006; Wu, Gu, Prior, &
McKay, 2004). The fruits and flowers are used to produce juices, jams,
jellies, syrup, wines, pies, colorants, and infusions (Thomas, Byers, &
Ellersieck, 2009). Recently, there has been increasing demand for
nonfermented elderberry juice concentrates as a nutraceutical or
dietary supplement (Thomas et al., 2015).

The native Sambucus canadensis is well known by the Amerindian
peoples and herbalists as a medicinal plant. Various parts of the plant
have been used for their laxative, diuretic, expectorant, or purgative
properties to treat respiratory and pulmonary disorders as well as fever
and rheumatism (Charlebois, Byers, Finn, & Thomas, 2010). Recently,
extracts of the berries from some varieties of both European and Ca-
nadian elderberry demonstrated significant chemopreventive potential
against the initiation and promotion stages of carcinogenesis (Thole
et al., 2006). However, more information is required in order to un-
derstand the mechanistic and molecular aspects of their antitumor ac-
tivities. In the current study, we investigated the in vitro molecular ef-
fects of berry and flower extracts from two Canadian elderberry
cultivars, ‘Kent’ and ‘Scotia’, developed from Agriculture and Agri-Food
Canada, on human glioma and brain microvascular endothelial cell
proliferation.

2. Materials and methods

2.1. Materials

Cyanidin-3-O-sambubioside-5-O-glucoside chloride (Cy-3-sam-5-
glu) [purity≥ 90%], delphinidin-3-O-rutinoside chloride (Dp-3-rut)
[purity≥ 95%] and quercetin-3-O-rutinoside also called rutin (Que-3-
rut) [purity≥ 99%] were purchased from Extrasynthese (Lyon,
France). Concentrated elderberry extract (IMMUNIA™) was obtained
from Fruitomed Inc. (Thetford Mines, QC). Electrophoresis reagents
were purchased from Bio-Rad (Mississauga, ON). The monoclonal an-
tibody against glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was from Advanced Immunochemical Inc. (Long Beach, CA). Polyclonal
antibodies against CDK2, CDK4, p27, p21, and monoclonal antibodies
against CDK6, cyclin D1 and cyclin D3 were from Cell Signaling
Technology (Beverly, MA). Anti-mouse and anti-rabbit horseradish
peroxidase (HRP)-linked secondary antibodies were purchased from
Jackson ImmunoResearch Laboratories (West Grove, PA), and en-
hanced chemiluminescence (ECL) reagents were from Denville
Scientific Inc. (Metuchen, NJ). Micro bicinchoninic acid protein assay
reagents were from Thermo Scientific (Rockford, IL). All other reagents
were from Sigma-Aldrich (Oakville, ON).

2.2. Plant materials

Fresh fruits and dried flowers from two genotypes of S. canadensis,
‘Kent’ and ‘Scotia’, were obtained from Au Versant du Sureau (Adstock,
QC). Fruits were stored at −80 °C until use.

2.3. Preparation of berry and flower extracts

Berry extracts: 100 g of berries were stored at 4 °C and processed
within 24 h. Extracts were prepared in a cold room by processing the
berries through a hand blender. The puree obtained was clarified by
centrifugation at 200,000×g for 30min at 4 °C. The supernatant was
then sterilized by filtration through a 0.22 µm filter and aliquots were
immediately frozen at -80 °C. Berry extract was prepared twice.

Scotia elderflower extracts: One teaspoon of dried flowers (0.8 g)
was infused in 250mL of 85 °C distilled water for 15min (Viapiana &
Wesolowski, 2017). The infusion was cooled and then filtered through a
0.22 μm filter; aliquots were immediately frozen at -80 °C. Elderflower
extract was prepared twice.

2.4. Cell culture

The human glioblastoma U-87 MG and U-138 MG, and glioma Hs
683 cell lines were purchased from the American Type Culture
Collection and maintained in modified Eagle’s Minimum Essential
Medium (Wisent, 320-036-CL) or in Dulbecco’s Modified Eagle’s
Medium (319-005-CL), respectively, containing 10% calf serum
(HyClone Laboratories, SH30541.03), 1 mM sodium pyruvate (Sigma-
Aldrich, P2256), 2 mM L-glutamine, 100 units/mL penicillin and
100 μg/mL streptomycin (Wisent, 450-202-EL). Human brain micro-
vascular endothelial cells (HBMEC) were from ScienCell™ Research
Laboratories (Carlsbad, CA) and maintained in RPMI Medium (Wisent,
350-007-CL) containing 10% fetal bovine serum (Life Technologies,
12483-020), Nu-serum™ (VWR, CACB355500), endothelial cell growth
supplement (EMD Millipore Corporation, 02-102) and 1mM sodium
pyruvate (Sigma-Aldrich, P2256). HBMEC used in this study were re-
stricted to between 4 and 8 passages. Cells were cultured at 37 °C under
a humidified 95%–5% (v/v) mixture of air and CO2. Hypoxic conditions
were performed by incubation of cells in an hypoxia workstation
(BioSpherix, Parish, NY). The oxygen concentration (< 2%) was fixed
with a gas mixture containing 5% CO2 and balance of nitrogen. For
experimental purposes, after 24 h of cell seeding in complete medium,
cells were serum-starved under normoxic or hypoxic conditions to in-
duce a quiescent cell state and to condition them to hypoxic conditions
before treatment with extracts. After 24 h, the medium was removed
and replaced by fresh complete medium containing (or lacking) extracts
for 48 h.

2.5. Cell proliferation assay

Cells were seeded in 96-well plates at 5000 cells/well (Hs 683,
HBMEC) or 7500 cells/well (U-87 MG, U-138 MG) in 200 μL complete
medium and incubated at 37 °C under normoxic or hypoxic culture
conditions according to the protocol described previously. Cells were
treated with 100 μL complete medium containing berry extracts
(0–200 μL/mL) or flower extracts (0–500 μL/mL) or IMMUNIA™
(0–200 μL/mL), or 200 μM of Cy-3-sam-5-glu, cy-3-gal, cy-3-rut, Dp-3-
rut, Que-3-rut or a combination of these five compounds. Cell pro-
liferation was determined by assaying the mitochondrial metabolic
activity of cells, after 48 h of treatment with extracts, using the highly
sensitive water-soluble tetrazolium salt (WST-1) assay. Briefly, 10 μL
WST-1 reagent (Roche, Laval, QC) was added to each well and the so-
luble formazan dye produced by metabolically active cells was mon-
itored for at least 45min at 37 °C. The absorbance at 450 nm was
measured using a SpectraMax Plus reader (Molecular Devices,
Sunnyvale, CA). Since high concentrations of the berry extract color
interfered with the assay, reference values from the samples containing
extract only were deducted from the readings of the treated cell sample.

2.6. Cell cycle analysis

Cells were incubated in complete medium containing a specified
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concentration of extract for 48 h as described previously. At the end of
treatment, the cells were collected by mild trypsin digestion, washed
with ice-cold phosphate-buffered saline (PBS) and fixed in 70% ethanol
in PBS overnight at −20 °C. Cells were then centrifuged at 10,000 rpm
for 10min, followed by careful removal of the supernatant. Three vo-
lumes of staining solution in PBS, containing propidium iodide (PI,
40 μg/mL; Calbiochem, San Diego, CA) and DNase-free RNase (100 μg/
mL), were added for at least 30min at 37 °C in the dark before analysis.
The proportion of the cell population in each phase of the cell cycle was
determined as a function of the DNA content using a BD Accuri C6 flow
cytometer (BD Biosciences, Mississauga, ON). Cell cycle analysis was
performed with the BD Accuri™ C6 software (version 1.0.264.21). For
each measurement, at least 10,000 cells were counted.

2.7. Western blot analysis

Cells were treated as described above for cell cycle analysis but
solubilized on ice in lysis buffer [150mM NaCl, 10mM Tris-HCl, pH
7.4, 1 mM ethylenediaminetetraacetic acid (EDTA), 1mM ethyle-
neglycol-O, O′-bis(2-aminoethyl)-N,N,N′,N′-tetraacetic acid (EGTA),
0.5% (vol/vol) Nonidet P-40 and 1% (vol/vol) Triton X-100]. Lysates
(25 μg) were solubilized in Laemmli sample buffer [125mM Tris-HCl
(pH 6.8), 20% glycerol, 4% SDS, 10% β-mercaptoethanol, and
0.00125% bromophenol blue], boiled for 5min, and separated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
After electrophoresis, proteins were transferred to polyvinylidene di-
fluoride (PVDF) membranes which were then blocked for 1 h at 4 °C
with 5% non-fat dry milk in Tris-buffered saline/Tween 20 (TBS-T;
147mM NaCl, 20mM Tris-HCl, pH 7.5, and 0.1% Tween 20).
Membranes were further washed in TBS-T and incubated overnight
with an appropriate primary antibody in TBS-T containing 3% bovine
serum albumin (BSA) and 0.01% sodium azide (NaN3), followed by a
1 h incubation with an HRP-conjugated anti-mouse or anti-rabbit sec-
ondary antibody in TBS-T containing 5% non-fat dry milk.
Immunoreactive material was visualized with an ECL detection system.
The immunoreactive bands were quantified using ImageJ software
(NIH).

2.8. Apoptosis analysis

Apoptotic and dead cell counts were performed using the FITC
Annexin V Apoptosis Detection Kit II (BD Biosciences, Mississauga, ON)
and PI staining by flow cytometry. Both the floating and the adherent
cells were collected by mild trypsin digestion and resuspended in the
provided binding buffer (51-66121E) at a concentration of
1× 106 cells/mL; then 100 μL of cell suspension was added to 5 μL of
FITC Annexin V (51-65874X) and 5 μL of PI (50 μg/mL; 51-66211E) and
mixed for 15min in the dark at room temperature. Next, 400 μL of
binding buffer (1X) was added to the solution and fluorescence was
measured using a BD Accuri C6 flow cytometer. Data collection and
analysis were performed with FlowJo 10.1 software. At least 10,000
cells were counted for each measurement. The following controls were
used to set up gates: unstained cells, cells with FITC Annexin V only and
cells with PI only.

2.9. Total RNA isolation, cDNA synthesis and real-time quantitative PCR

Total RNA was extracted from cell monolayers using TRIzol reagent
(Life Technologies, Gaithersburg, MD). For cDNA synthesis, 1 μg of total
RNA was reverse-transcribed into cDNA using a high capacity cDNA
reverse transcription kit (Applied Biosystems, Foster City, CA). cDNA
was stored at -80 °C prior to PCR. Gene expression was quantified by
real-time quantitative PCR using Sso Fast EvaGreen Supermix (Bio-Rad,
Hercules, CA). DNA amplification was carried out using a CFX Connect
Real-Time System (Bio-Rad) and product detection was performed by
measuring the binding of the fluorescent dye EvaGreen to double-

stranded DNA. The following primer sets were provided by QIAGEN
(Valencia, CA): glucose transporter-1 (GLUT-1; QT00068957), VEGF
(QT01682072), ribosomal protein S18 (RPS18; QT02323251), RPS28
(QT02310203). The relative quantities of target gene mRNA against an
internal control, RPS18/RPS28 RNA, were measured by following a ΔCt
method employing an amplification plot (fluorescence signal vs. cycle
number). The difference (ΔCt) between the mean values in the triplicate
samples of target gene and those of RPS18/RPS28 RNA were calculated
using CFX Manager Software version 3.0 (Bio-Rad) and the relative
quantified value (RQV) was expressed as 2− ΔC

T . Semi-quantitative PCR
was also performed to validate single amplification products which
were resolved on 1.8% agarose gels containing 4–6 μL GreenGlo™ Safe
DNA Dye, 20,000X in water (Denville Scientific Inc., Holliston, MA) per
100mL of agarose (not shown).

2.10. Characterization of phenolic compounds

The content in anthocyanins and other phenolic compounds was
performed by CRIQ (Centre de recherche industrielle du Québec,
Québec, QC) and INAF (Institute of Nutrition and Functional Foods,
Québec, QC).

2.10.1. Anthocyanin content
The anthocyanin composition of elderberry extracts was analyzed as

previously described (Loizzo et al., 2016) by reverse-phase analytical
HPLC using a Waters Acquity UPLC-UV-MS system (Milford, USA). The
separation was performed with a flow rate of 1mL/min using a Zorbax
SB-C8 column (250mm x 4.6 mm, 5 µm particle size) with the following
elution gradient: 0–2min, 5% B; 2–10min, 5–20% B; 10–15min, 20%
B; 15–30min, 20–25% B; 30–35min, 25% B; 35–50min, 25–33% B;
50–55min, 33% B; 55–65min, 33–36% B; 65–70min, 36–45% B;
70–75min, 45–53% B; 75–80min, 53–55% B; 80–84min, 55–70% B;
84–88min, 70–5% B; 88–90min, 5% B (A: 5% formic acid in ultrapure
water and B: methanol). Chromatographic data were acquired at
520 nm, and the quantification was performed using cyanidin-3-glu-
coside as standard. Individual anthocyanins were identified using
UHPLC-MS/MS. Briefly, the compounds were separated using the
chromatographic conditions described above. The MS analyses were
carried out on a Waters Xevo TQD mass spectrometer equipped with a
Z-spray electrospray interface. The analysis was performed in positive
mode and data were acquired through selected ion monitoring (SIM)
using Waters Masslynx V4.1 software, tracking specific m/z of expected
compounds (Lee & Finn, 2007).

2.10.2. Phenolic acid and flavonoid content
Phenolic acids and flavonoids were characterized using a Waters

Acquity UHPLC-MS equipped with an H-Class quaternary pump system,
a flow through needle (FTN) sample manager system, and a column
manager. The MS detector was a QDa mass spectrometer equipped with
electrospray interface. The analysis was achieved using a C18 BEH
column (100mm x 2.1 mm, 1.7 μm particle size). The separation was
performed at 40 °C at a flow rate of 0.4 mL/min with a mobile phase
consisting of 0.2% acetic acid in ultrapure water and acetonitrile (sol-
vent A and B, respectively) using a gradient elution as follows: 0–5min,
5–21% B; 5–7min, 21–24% B; 7–7.8min, 24–37% B; 7.8–10min,
37–41% B; 10–10.2 min, 41–90% B; 10.2–11.2min, 90% B;
11.2–11.3 min, 90–5% B; 11.3–13min, 5% B. Data were acquired
through single ion monitoring (SIM). All compounds were quantified as
gallic acid equivalent.

For identity confirmation with mass fragment, MS/MS analyses
were carried out on a TQD mass spectrometer equipped with a Z-spray
electrospray interface in negative mode set as follows: electrospray
capillary voltage was 2.5 kV, source temperature was 140 °C, desolva-
tion temperature was 350 °C, cone and desolvation gas flows were 80 l/
h and 900 l/h, respectively. Data were acquired through multiple re-
action monitoring (MRM).
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2.11. Statistical analyses

Statistical analyses were assessed with Student’s t-test when one
group was compared with the control group. To compare two or more
groups with the control group, one-way analysis of variance (ANOVA)
with Dunnett’s post hoc test was used. The significant interaction be-
tween the different cultivars or between culture conditions (normoxia
vs hypoxia) or between cell lines in the same culture conditions was
determined by ANOVA at the 95% confidence level using Bonferroni
test. Differences with P < .05 were considered significant. All statis-
tical analyses and graphs were performed using the GraphPad Prism
software version 5.0b (San Diego, CA).

3. Results

3.1. Hypoxia culture condition validation in human brain tumor and brain
endothelial cell lines

In order to validate our experimental normoxic and hypoxic culture
conditions, we assessed the expression of two genes known to be in-
duced under hypoxic conditions, i.e. VEGF and GLUT-1 (Chen, Pore,
Behrooz, Ismail-Beigi, & Maity, 2001; Harris, 2002; Liu, Cox, Morita, &
Kourembanas, 1995). VEGF is a key regulating factor of angiogenesis in
cancer, provides nutrients to tumor cells for their growth, as well as
access to the host vasculature to form metastases. GLUT-1 transports
glucose across the plasma membrane, supporting the metabolic needs of
rapidly dividing tumor cells. Cells were incubated for 24 h in complete
medium. The medium was then replaced with serum-free medium and
the cells were incubated under normoxic or hypoxic conditions to in-
duce a quiescent state in these cells. After 24 h, the medium was re-
moved and replaced by fresh complete medium for 48 h. Under these
conditions, hypoxia caused a marked increase in VEGF (Fig. 1A) and
GLUT-1 (Fig. 1B) mRNA levels in the brain cancer (U-87 MG, U-138
MG, Hs 683) and microvascular endothelial (HBMEC) cell lines tested,
confirming that these cells were responsive to hypoxic culture condi-
tions.

3.2. Inhibition of human glioma and brain endothelial cell proliferation by
elderberry and elderflower extracts

Berry extracts from two genotypes of S. canadensis, ‘Kent’ and
‘Scotia’, were prepared with a hand blender and clarified by cen-
trifugation, whereas flower extracts from the ‘Scotia’ variety were ob-
tained by infusion in distilled water. These two types of extracts were
then sterilized by filtration. Concentrated elderberry extract
(IMMUNIA™; Fruitomed Inc.) was obtained from a proprietary mix of
berries from both the ‘Kent’ and ‘Scotia’ cultivars through a cold con-
centration process. These four extracts were tested in human brain
tumor and endothelial cell line proliferation assays under normoxic or
hypoxic culture conditions. After 24 h of cell seeding in 96-well plates
with complete medium, cells were serum-starved under normoxic or
hypoxic culture conditions for 24 h. Then, the medium was removed

and replaced by fresh complete medium containing (or lacking) extracts
for 48 h. As shown in Fig. 2, all the extracts tested reduced cell pro-
liferation in a dose-dependent manner, whereas the extent of inhibition
was significantly different between the berry and flower extracts.
‘Kent’, ‘Scotia’ and concentrated elderberry extracts exhibited the
greatest ability to inhibit proliferation with half-maximal inhibition
concentration (IC50) values ranging from 12–49 μL/mL compared to
167–277 μL/mL for elderflower extracts (Table 1). ‘Kent’ and ‘Scotia’
elderberry extracts more efficiently inhibited the proliferation of glio-
blastoma cells (U-87 MG and U-138 MG) than brain endothelial cells
under normoxic and hypoxic conditions (Fig. 2A and B; Table 1).
However, even though these two extracts also affect the proliferation of
gliomas (Hs 683) under normoxic conditions, they were less effective
under hypoxic conditions. Moreover, ‘Scotia’ extracts were the most
potent inhibitors of glioma cell proliferation under normoxic conditions
(Fig. 2A; Table 1), while ‘Kent’ extracts were better inhibitors of cell
proliferation in U-138 MG and Hs 683 cells under hypoxic conditions
and in HBMEC under both culture conditions (Fig. 2B; Table 1). In-
terestingly, flower extracts were ineffective in reducing cell prolifera-
tion under hypoxic conditions (Fig. 2C). Overall, concentrated elder-
berry extracts exhibited the best antiproliferative effects.

3.3. Elderberry and elderflower extracts effect on cell cycle regulation

To further investigate the molecular mechanism of extract-mediated
cell growth inhibition, the effect on cell cycle regulation was evaluated
by flow cytometry as described in the Methods section. FACS analyses
were conducted under the same normoxic or hypoxic conditions as for
cell proliferation using extract concentrations at which cell growth was
strongly inhibited. Briefly, cells were treated with either 50 μL/mL
concentrated elderberry extract or 100 μL/mL elderberry extract or
500 μL/mL elderflower extract, fixed, stained and subjected to flow
cytometry analyses. The FACS results showed that berry extracts in-
creased the proportion of U-87 MG cells, Hs 683 cells and HBMEC in the
S phase (∼22%, ∼62%, ∼231%) and the G2/M phase (∼33%,
∼102%, ∼31%), and reduced the proportion of cells in the G0/G1
phase under normoxic conditions as compared to cells treated with
vehicle alone (Fig. 3A; Table 2). Similar effects were observed in the
G0/G1 and G2/M phases under hypoxic conditions (Fig. 3B). However,
the distribution of U-87 MG and Hs 683 cells in the S phase was higher
by ∼78% and ∼267%, respectively, whereas it was reduced by
∼176% for HBMEC (Table 2). Inversely, berry extracts increased the
accumulation of U-138 MG cells in the G0⧹G1 phase by ∼21%, asso-
ciated with a diminution in the G2/M phase under hypoxic conditions
(Table 2). No significant changes in the S phase were observed. More-
over, berry extracts did not significantly alter the cell cycle phase of U-
138 MG cells under normoxic conditions. Compared to berry extracts,
flower extracts induced an increased accumulation of U-87 MG, U-138
MG and Hs 683 cells in the G2/M phase (∼119%, ∼60%, ∼417%)
associated with a diminution in the S and G0/G1 phases under nor-
moxic conditions (Fig. 3A; Table 2). The same effects were observed
under hypoxic conditions except for U-138 MG cells, where elderflower

Fig. 1. Hypoxia culture condition validation in
human brain tumor and brain endothelial cell
lines. Cells were incubated for 24 h in complete
medium and were then serum-starved under
normoxic or hypoxic conditions. After 24 h, the
medium was removed and replaced with fresh
complete medium for 48 h. Total RNA was iso-
lated from cells following the conditions de-
scribed above, cDNA synthesis and qPCR were
performed to assess (A) VEGF and (B) GLUT-1
gene expression. Values are means ± SEM of
three independent experiments (*p < .05,
**p < .01 and ***p < .001 versus normoxia
control).
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extracts induced an increased number of cells in the G0/G1 phase by
∼14% and reduced the G2/M phase distribution (Fig. 3B; Table 2). No
significant changes in the cell cycle phase of HBMEC were observed.
Overall, these results suggest that berry and flower extracts alter cell

cycle regulation, thereby inhibiting cell proliferation.

Fig. 2. Inhibition of human glioma and brain endothelial cell proliferation by elderberry and elderflower extracts. Cells were seeded into 96-well plates in complete medium. After 24 h,
cells were serum-starved under (A) normoxic or (B) hypoxic conditions for another 24 h. Then the medium was removed and replaced with fresh complete medium in the presence or
absence of various concentrations of the indicated (A,B) berry or (C) flower extract. After 48 h, cell proliferation was determined as described in the Methods section. Values are
means ± SEM of four independent experiments performed in quadruplicate [***p < .001 versus control for all data in panels A and B except for: Elderberry concentrate at 10 μL/mL for
U-87 MG cells under normoxic conditions and for U-138 MG cells and HBMEC under hypoxic conditions as well as ‘Kent’ elderberry at 10 μL/mL for Hs 683 cells under hypoxic conditions
(**p < .01); ‘Scotia’ elderberry at 10–25 μL/mL for Hs 683 cells and ‘Kent’ elderberry at 10 μL/mL for HBMEC under hypoxic conditions (not significant); (*p < .05, **p < .01 and
***p < .001 versus control) for data in panel C].
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3.4. Elderberry and elderflower extracts affect the protein expression of cell
cycle promoters

Cell cycle progression is regulated by cyclins, cyclin-dependent ki-
nases (CDKs) and cyclin-dependent kinase inhibitors (CKIs) (Canavese,
Santo, & Raje, 2012; Musgrove, Caldon, Barraclough, Stone, &
Sutherland, 2011). To investigate cell cycle arrest induced by berry or
flower extracts in the four cell lines tested, the expression of cell cycle
regulatory proteins was examined. We found that berry extract treat-
ments primarily decreased the protein levels of cyclin D1/D3, CDK4/6
and CDK2 under both oxygenation conditions (Fig. 3C). On the other
hand, flower extract treatment produced more variable effects on the
expression levels of these proteins. Cyclin D1 expression was upregu-
lated in U-138 MG cells and HBMEC under both oxygenation conditions
as was cyclin D3 expression in U-138 MG cells under hypoxic condi-
tions. In the other cell lines, both cyclins were downregulated. CDK4
expression was significantly downregulated in U-87 MG cells and
HBMEC but slightly increased in U-138 MG and Hs 683 cells under
normoxic conditions; its expression was unchanged in U-87 MG cells

and downregulated in other cell lines under hypoxic conditions. The
expression of CDK6 and CDK2 were generally reduced except in U-138
MG cells for CDK6 under both culture conditions. Since inhibitory
mechanism of extracts on cell proliferation might also affect the ex-
pression of CKIs, we evaluated p21 and p27 protein expression, which
bind to the CDK-cyclin complex to negatively regulate CDK activity
(Harper et al., 1995; Koff, 2006). Treatment with berry extracts de-
creased the expression of p21 in U-87 MG, U-138 MG and HBMEC cells
but induced it in Hs 683 cells (Fig. 3C). The results also demonstrated a
downregulation of p27 protein levels, except for U-87 MG and Hs 683
cells where upregulation was observed under normoxic or hypoxic
conditions, respectively. Interestingly, ‘Scotia’ elderberry extracts
caused greater inhibition of p21 or p27 as compared to other berry
extracts in U-87 MG cells. Moreover, the treatment with concentrated
elderberry extract resulted in a marked increase in CKI expression in U-
87 MG and U-138 MG cells. Flower extract treatments generally in-
duced upregulation of p21 except in U-87 MG cells (hypoxic conditions)
or Hs 683 cells (both culture conditions). Finally, p27 protein levels
were downregulated in U-138 MG and HBMEC, and upregulated in U-

Fig. 2. (continued)

Table 1
Comparative overview of IC50 values of elderberry and elderflower extracts on cell proliferation.

IC50 (μL/mL)

U-87 MG U-138 MG Hs 683 HBMEC

Extracts N H N H N H N H

Kent elderberry 18.3 (1.1)a1* 25.0 (2.6)a1 19.4 (2.0)a2§ 30.0 (2.1)a2 18.2 (0.5)a3¶ 31.9 (1.4)a3 25.0 (0.4)a*§¶ 31.8 (3.7)a

Scotia elderberry 17.5 (0.9)b1* 22.5 (1.1)b1*§ 17.5 (2.3)b2§ 45.0 (2.2)ab2*§¶ 18.2 (0.5)b3¶ 48.8 (2.2)a3§¶ 28.3 (2.3)b4*§¶ 46.8 (2.6)a4*

Concentrated elderberry 15.0 (0.7)c 17.5 (1.1)ab* 13.8 (1.5)c2 26.2 (1.9)b2*§ 12.2 (0.7)c3 18.0 (0.5)a3§ 14.7 (1.8)c 21.8 (0.8)a*

Elderflower 167.5 (9.9)abc*§ – 245.0 (5.0)abc*¶ – 276.7 (7.7)abc§¶ – 275.0 (8.5)abc* –

NOTE: IC50 is defined as the concentration at which extracts inhibit 50% of cell proliferation.
The IC50 values were calculated using dose-response curves for each condition.
The same lower-case letter (within a column) indicating that the values were significantly different between the cultivars; the same lower-case number (within a line) indicating that the
values were significantly different between culture conditions in the same cell line, and the same lower-case symbol (within a line) indicating that the values were significantly different in
the same culture conditions between cell lines (Bonferroni test, p < .05). Values in parenthesis are standard errors. N=Normoxia; H=Hypoxia.
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87 MG and Hs 683 cells under both culture conditions. 3.5. Elderberry extracts affect human glioma and brain endothelial cell
viability

In any given cell population, cell growth is a process resulting from
balance of cell proliferation and cell death. The inhibition of cell

Fig. 3. Elderberry and elderflower extracts effects on cell cycle regulation. After 24 h of cell seeding in culture wells with complete medium, cells were serum-starved under (A) normoxic
or (B) hypoxic conditions before treatment with extracts (50 μL/mL concentrated elderberry extract or 100 μL/mL elderberry extracts or 500 μL/mL elderflower extracts) as indicated in
the Methods section. (A, B) Histogram distribution of cells in the G0/G1, S and G2/M phases as determined by flow cytometry analysis. The individual DNA content was determined by
fluorescence intensity of incorporated PI. Values are means ± SEM of three independent experiments (*p < .05, **p < .01 and ***p < .001 versus control). (C) Western blot and
immunodetection of cell cycle regulatory proteins in U-87 MG, U-138 MG, Hs 683 cells and in HBMEC treated under the same normoxic or hypoxic conditions as for FACS analysis. Cells
were lysed and the protein expression levels were monitored by immunoblotting using specific antibodies. Immunodetections obtained from representative samples are shown, and data
are representative of three independent experiments. GAPDH expression was used as a loading control. The band intensities were analyzed by densitometry using ImageJ software. The
relative levels of protein expression were normalized to those seen in the respective control (value= 1) and indicated by x-fold.
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proliferation by elderberry and elderflower extracts could also be the
result of a direct cytotoxic effect at higher concentrations. This was
assayed using the FITC Annexin V Apoptosis Detection Kit II and PI
staining. As shown in Fig. 4, treatment with either 50 μL/mL con-
centrated elderberry extract or 100 μL/mL elderberry extract for 48 h
induced apoptosis under normoxic (Fig. 4A) or hypoxic conditions
(Fig. 4B). However, treatment with 500 μL/mL elderflower extract did
not affect cell viability as compared to control. Under normoxic con-
ditions, treatment of U-87 MG, U-138 MG, Hs 683 and HBMEC with

berry extracts resulted in 4.2-fold, 1.9-fold, 1.7-fold and 3-fold in-
creases in apoptosis, respectively (Fig. 4A). Under hypoxic conditions,
berry extracts resulted in 3.7-fold, 3.2-fold, 1.7-fold and 4-fold in-
creases in U-87 MG, U-138M, Hs 683 and HBMEC apoptosis (Fig. 4B).
Interestingly, concentrated elderberry extract had comparable effects
on viability as had ‘Kent’ or ‘Scotia’ elderberry extracts.

Fig. 3. (continued)
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3.6. Inhibition of human glioma and brain endothelial cell proliferation by
phenolic compounds

The inhibitory effects of elderberry and elderflower extracts on cell
proliferation may be, in part, due to the action of specific compounds
present in these extracts. Their content in anthocyanins and other
phenolic compounds was analyzed by UHPLC-UV-MS and by UHPLC-
MS, respectively. Individual compounds were tentatively identified by
UHPLC-MS/MS. Analyses revealed that elderberry extracts contain
mainly anthocyanins and other polyphenols such as cinnamic acids
(neochlorogenic acid and chlorogenic acid) and flavonols while an-
thocyanins are absent in elderflower extracts and only rutin is found as
the major compound (Table 3). Therefore, the two most prominent
compounds, the anthocyanin Cy-3-sam-5-glu and the flavonol glycoside
Que-3-rut (Fig. 5A), were tested alone or together at 200 μM under
normoxic or hypoxic conditions. Dp-3-rut, a minor compound, was also
evaluated. The choice of concentration was based on a study that had
been done with some anthocyanins on the proliferation of various cell
lines (Zhang, Vareed, & Nair, 2005).

Our results indicate that all of the phenolic compounds inhibited
cell proliferation when compared to their vehicle controls (Fig. 5B-C).
Under normoxic conditions, Cy-3-sam-5-glu was the most effective
compound at inhibiting U-138 MG and HBMEC proliferation by 42.2%
and 32.3%, respectively (Fig. 5B). Similar inhibitory effects were ob-
served for Cy-3-sam-5-glu and Que-3-rut in U-87 MG and Hs 683. Under
hypoxic conditions, Cy-3-sam-5-glu was also able to affect the pro-
liferation of U-138 MG, Hs 683 and HBMEC by 29.8%, 22.0% and
22.1%, respectively (Fig. 5C). For U-87 MG cells, Que-3-rut was a better
inhibitor than Cy-3-sam-5-glu with 24.4% inhibition as compared to
21.2% inhibition. For all compounds tested, Dp-3-rut was the one which
showed the weakest inhibitory effect under both culture conditions, as
expected (Fig. 5). Interestingly, the combination of the three com-
pounds exhibited a more potent inhibitory effect than did the individual
compounds at equal concentrations indicating that compounds present
in berry extracts work synergistically at inhibiting the growth of glioma
and brain microvascular endothelial cells.

4. Discussion

Malignant gliomas, and particularly glioblastomas, are character-
ized by aggressive invasiveness, a high proliferative rate, abundant
vascularization, and the presence of extensive areas of hypoxia.

Interaction with the tumor microenvironment is necessary for glioma
cell growth, which is limited by the emergence of new blood vessels via
angiogenesis (Dvorak, Weaver, Tlsty, & Bergers, 2011). It was reported
that there is a longitudinal gradient of residual oxygen along tumor
vessels leading to hypoxia at the most distal portions of the vessel (Koch
et al., 2013). Hypoxia is well known to drive neovascularization re-
sulting in migration of endothelial cells towards the tumor and pro-
liferation to induce an angiogenic cascade (Hardee & Zagzag, 2012).
Tumor hypoxia also leads to recurrence of cancers, resistance to cancer
therapies and poor prognosis for patients with solid tumors such as
glioblastomas (Alves et al., 2011; J. Zhou, Schmid, Schnitzer, & Brune,
2006). Depending on the oxygenation status, different areas are es-
tablished within a solid tumor and a symbiotic relationship between
two cancer cell populations could exist (between hypoxic and aerobic
cancer cells) (Pistollato et al., 2010). Because tumors cannot grow be-
yond a certain size or spread without a blood supply, molecules that can
block tumor angiogenesis through interfering with one of the various
steps in this process such as endothelial cell proliferation will prevent or
slow the growth of cancer. It is thus of great importance to find and
characterize agents that are effective at targeting both hypoxic and
aerobic glioma cells. Since angiogenesis in gliomas is correlated with
the grade of malignancy (Lakka & Rao, 2008), we have therefore tar-
geted the proliferation of grade IV (U-87 MG and U-138 MG) and grade
III (Hs 683) glioma cells as well as of HBMEC under normoxic and
hypoxic conditions. Over the years, researchers have confirmed that
dietary polyphenols are capable of inhibiting cell proliferation and in-
ducing cell cycle arrest as well as apoptosis in a number of solid tumor
cell lines (Amin, Kucuk, Khuri, & Shin, 2009; Zhou et al., 2016).
However, to the best of our knowledge, no studies have yet investigated
the effect of elderberry, a rich source of polyphenols, on glioma and
brain endothelial cell line models.

Here we documented for the first time the anticancer properties of
two varieties of Canadian elderberry, ‘Kent’ and ‘Scotia’. Berry and
flower extracts caused a dose-dependent cancer and endothelial cell
growth inhibition, and this antiproliferative effect appeared to be due
to its ability to trigger cell cycle arrest and apoptotic cell death. Our
results have shown that, of the extracts tested, concentrated elderberry
extract is the most potent inhibitor of cell proliferation followed by
‘Scotia’ and ‘Kent’ elderberry under both culture conditions. However,
under hypoxic conditions, concentrated elderberry extract is sig-
nificantly more potent whereas ‘Scotia’ is less potent. Furthermore,
HBMEC were less sensitive to the inhibitory effect of ‘Kent’ or ‘Scotia’

Table 2
Percent values of cell cycle phase as monitored by flow cytometry after treatment with elderberry and elderflower extracts.

Berry and flower extracts

Cell lines Cell cycle Control (vehicule) Kent elderberry Scotia elderberry Concentrated elderberry Elderflower

phases N H N H N H N H N H

U-87 MG G0/G1 72.2 (2.9) 79.1 (3.1) 65.1 (5.7) 74.7 (3.1)a 63.4 (4.4) 71.4 (2.9)* 64.8 (1.2)* 71.7 (2.6) 60.2 (6.6)* 62.4 (1.4)**a

S 12.0 (2.1) 5.4 (2.2) 13.7 (1.4) 7.8 (0.6) 15.7 (2.5)a 11.3 (0.9)* 14.4 (1.6) 9.8 (0.8) 5.2 (3.4)*a 11.0 (3.4)
G2/M 15.8 (0.8) 15.5 (1.7) 21.2 (4.2) 17.5 (2.5) 20.9 (3.0)* 17.3 (3.8) 20.8 (0.4)** 18.5 (3.4) 34.6 (5.3)** 26.7 (4.8)*

U-138 MG G0/G1 68.7 (2.7) 65.8 (4.4) 70.5 (0.6) 79.6 (2.1)* 70.2 (2.7) 80.3 (3.0)* 67.1 (1.0) 79.5 (2.9)* 67.1 (2.5) 75.1 (5.6)
S 14.5 (1.0) 7.4 (3.0) 11.7 (3.7) 9.3 (1.9) 11.7 (1.8) 8.2 (1.1) 12.7 (1.0) 8.8 (1.2) 5.9 (3.8)* 10.3 (6.0)
G2/M 16.8 (2.0) 26.8 (2.5) 17.8 (4.3) 11.1 (1.4)*** 18.1 (3.3) 11.5 (2.9)** 20.1 (1.5) 11.9 (4.1)* 26.9 (1.4)** 14.7 (1.7)**

Hs 683 G0/G1 66.4 (7.4) 78.1 (0.4) 36.6 (0.9)**a 47.1 (1.4)** 39.1 (1.1)**b 42.0 (3.8)** 43.1 (0.5)*c 44.6 (4.2)** 18.5 (4.0)abc 49.4 (0.4)***

S 19.2 (1.6) 8.1 (2.1) 32.6 (6.0) 26.1 (0.5)**a 31.0 (5.4) 31.7 (2.6)**b 29.8 (3.3) 31.4 (1.1)**c 6.5 (6.1) 12.4 (0.2)abc

G2/M 14.5 (5.6) 13.8 (2.5) 30.8 (6.9)a 26.8 (1.0)* 29.9 (6.3)b 26.3 (3.7)* 27.1 (3.8)c 23.9 (3.2) 75.0 (10.1)*abc 38.3 (0.6)**

HBMEC G0/G1 82.1 (2.6) 82.8 (1.6) 65.1 (3.0)** 63.9 (5.9)* 62.4 (1.9)***a 61.7 (0.5)** 59.2 (4.1)**b 62.2 (0.5)** 77.8 (2.8)ab 80.2 (1.5)
S 7.1 (1.4) 7.1 (1.5) 19.8 (0.8)***ab 18.4 (4.4) 24.5 (1.4)***b 21.4 (2.8)* 26.3 (2.0)***a 19.1 (0.4)** 6.6 (0.6)ab 5.2 (1.4)
G2/M 10.8 (1.5) 10.1 (3.2) 15.1 (2.3) 17.8 (1.6) 13.0 (1.7) 17.0 (2.2) 14.5 (2.2) 18.7 (0.9) 15.6 (3.4) 14.7 (2.9)

NOTE: N=Normoxia; H=Hypoxia.
Extract concentration: Kent and Scotia elderberries= 100 μL/mL; Concentrated elderberry= 50 μL/mL; Elderflower concentration= 500 μL/mL.
Values are means of three independent experiments (*p < .05, **p < .01 and ***p < .001 versus control; ANOVA with Dunnett's post hoc). The same lower-case letter (within a line)
indicating that the values were significantly different between the cultivars (Bonferroni test, p < .05). Values in parenthesis are standard errors.
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Fig. 4. Elderberry extracts affect human glioma and brain endothelial cell viability. After 24 h of cell seeding in culture wells with complete medium, cells were serum-starved under (A)
normoxic or (B) hypoxic conditions before treatment with extracts (50 μL/mL concentrated elderberry extract or 100 μL/mL elderberry extracts or 500 μL/mL elderflower extracts) as
indicated in the Methods section. Histogram distribution of live, apoptotic and necrotic cells as determined by flow cytometry analysis. The individual DNA content was determined by
fluorescence intensity of incorporated Annexin V/PI. Values are means ± SEM of three independent experiments (*p < .05 and ***p < .001 versus control). The proportion of apoptotic
cells in the total cell population is indicated in percentage.
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berries as compared to glioma cell lines. Even though flowers atte-
nuated cell proliferation, particularly that of glioblastoma cells, berries
still remained significantly effective. Remarkably, elderberries were
also effective in targeting cell proliferation not only under normoxic
conditions but also under hypoxic conditions. Since O2 tension in solid
tumors ranges from 2.5% to 5.3% (physiological levels) to pathological
values below 0.1% in necrotic regions (Ljungkvist, Bussink, Kaanders, &
van der Kogel, 2007), it is safe to speculate that the circulating plasma
levels of polyphenols derived from elderberry consumption may target
the mechanisms regulating glioma cell proliferation.

To investigate the relationship of cell growth inhibition by extracts
to cell cycle changes, cell cycle analysis was performed. We found that
elderberry causes different effects on cell cycle dependant on cell type
and extract, and the cell cycle arrest was further accompanied by al-
terations in the levels of various cell cycle-regulated protein expression.
Interestingly, the stage of cell cycle arrest triggered by extracts can
indicate the molecular mechanisms of action. For example, it is well
known that cells arrested in G1 phase can result from the inhibition of
CDK4 and/or CDK6 complexes with cyclin D, whereas S phase arrest
can be caused by inhibition of cyclin A and cyclin E complexes with
CDK2 (Malumbres & Barbacid, 2009). Arrest of cell division in G2/M
phase can be caused by inactivation of cyclin A with CDK2 in early G2
phase (Goldstone, Pavey, Forrest, Sinnamon, & Gabrielli, 2001) or with

CDK1 in late G2 phase (Canavese et al., 2012), or also by cyclin B/CDK1
complexes through p53 activation in the early events of mitosis
(Malumbres & Barbacid, 2009; Taylor et al., 1999). All these cell cycle
phase arrests could result from the activation of CKIs such as p21 or p27
(Abukhdeir & Park, 2008). Since elderberry and elderflower extracts
modulate the expression of several cell cycle checkpoint proteins, we
hypothesize that such mechanisms could be involved in the inhibitory
effect of elderberry to suppress the cell cycle progression. Additionally,
several studies illustrate that CDK/cyclin complexes influence the de-
cision of whether a cell lives or dies (Gil-Gomez, Berns, & Brady, 1998;
Harvey, Blomquist, & Ucker, 1998; Kasten & Giordano, 1998;
Meikrantz, Gisselbrecht, Tam, & Schlegel, 1994). Functional failure of
these control points can lead to apoptosis (Pucci, Kasten, & Giordano,
2000). The fact that elderberries, but not elderflowers, induced cell
apoptosis, especially in HBMEC, suggests that this mechanism may also
be involved in the inhibitory action by berries. However, further in-
vestigation is essential to determine the specific molecular mechanisms
of each extract.

Low antioxidant levels in the brain were reported to be correlated
with the malignancy levels of brain tumors (Sheweita & Sheikh, 2011).
This results in the accumulation of considerable amounts of oxidative
stress products including free radicals known to damage brain tissue
(Sheweita & Sheikh, 2011; Uttara, Singh, Zamboni, & Mahajan, 2009).

Table 3
Distribution of the major polyphenols present in elderberry and elderflower extracts as obtained by UHPLC.

Compound [M+H]+, m/z MS/MS,
m/z

Kent elderberry Scotia elderberry Concentrated elderberry Elderflower

Anthocyanins mg/100 g μg/0.05mL mg/100 g μg/0.05mL mg/100 g μg/
0.05mL

mg/0.8 g μg/0.05mL

BerriesA ExtractB BerriesA ExtractB BerriesA ExtractB FlowersA ExtractB

Cyanidin 3-sambubioside-5-
glucoside

743 581, 449,
287

+ 35.4 (3.2)a 35.6 (3.9)a 39.5 (3.5)b 37.1 (2.8)b 62.6 (1.4)ab 79.5
(1.4)ab

ND –

Cyanidin 3,5-diglucoside 611 449, 287
Cyanidin 3-sambubioside 581 287
+ 6.2 (0.1)ab 6.3 (1.3)ab 7.1 (0.2)a 6.7 (0.9)a 7.5 (0.1)b 7.1 (0.1)b ND –
Cyanidin 3-glucoside 449 287
Cyanidin-based anthocyanin 785 623, 449 1.0 (0.2)a 1.0 (0.0)a 1.0 (0.2)b 0.9 (0.1)b 1.8 (0.3)ab 1.7 (0.3)ab ND –
Cyanidin 3-(Z)-p-coumaroyl-

sambubioside-5-glucoside
889 727, 287

+ 3.8 (0.4)a 3.8 (0.4)a 3.8 (0.3)b 3.6 (0.3)b 1.8 (0.0)ab 1.7 (0.0)ab ND –
Delphinidin 3-rutinoside 611 465, 303
Cyanidin 3-(E)-p-coumaroyl-

sambubioside-5-glucoside
889 727, 287 99.7 (7.0) 100.6

(12.8)
103.4 (3.7) 97.8 (12.6) 102.3 (4.0) 97.5 (3.8) ND –

Sum 146.0
(10.6)a

147.2
(18.3)a

154.8
(7.9)b

140.1
(16.5)b

171.3
(9.5)ab

187.5
(9.1)ab

[M – H]–,
Phenolic acids and flavonoids MRM
Quercetin 301.2 > 151.2 2.6 (0.1)ab 3.4 (0.4)ab 1.6 (0.2)a 2.1 (0.4)a 1.6 (0.2)b 2.0 (0.2)b ND –
Quercetin 3-glucoside (Isoquercitrin) 463.2 > 300.2 13.4 (2.3)a 17.8 (0.4)a 13.0 (1.3)b 16.3 (0.8)b 22.8 (1.2)ab 29.0

(1.2)ab
8.2 (0.6) 2.2 (0.1)ab

Quercetin 3-rutinoside (Rutin) 609.2 > 300.2 54.8 (9.4)a 72.7 (1.4)a 55.7 (8.4)b 69.2 (0.6)a 81.7 (1.6)ab 103.8
(1.5)a

79.8 (4.9) 21.3 (1.0)a

p-Coumaric acid 163.2 > 119.0 4.9 (1.7)a 6.3 (0.8)a 4.7 (1.0) 5.9 (0.2)b 2.6 (0.4)a 3.3 (0.4)ab ND –
Caffeoyl glucoside 341.2 > 179.2 7.6 (1.3) 10.1 (0.2)a 7.5 (1.2) 9.3 (0.2)a 5.6 (0.4) 7.2 (0.4)a ND –
p-Coumaroyl glucoside 325.2 > 163.2 20.2 (3.5)a 26.7 (0.6)a 18.4 (2.0)b 22.9 (0.9)a 12.7 (0.7)ab 16.1 (0.7)a 0.5 (0.1) 0.1 (0.0)a

3-Caffeoylquinic acid
(Neochlorogenic acid)

353.1 > 191.1 3.9 (1.3)a 5.1 (0.5)a 4.7 (1.6)b 5.7 (0.8)b 15.5
(0.4)abc

19.7
(0.4)ab

4.0 (0.9) 1.1 (0.2)ab

5-Caffeoylquinic acid (Chlorogenic
acid)

353.1 > 191.1 6.2 (2.3)a 8.0 (1.1)a 7.8 (3.1)b 9.4 (1.8)b 21.3
(0.5)abc

27.1
(0.4)ab

11.0 (3.1) 2.9 (0.6)ab

Sum 113.7
(21.8)a

150.2
(1.2)a

113.4
(18.4)b

140.7
(0.8)a

163.8
(5.2)abc

208.1
(5.0)a

103.5 (9.3) 27.6 (1.9)a

Results are expressed as mean of duplicate from two extracts preparation. The same lower-case (within a line) indicating that the values were significantly different between the cultivars
(Bonferroni test, p < .05). Values in parenthesis are standard errors.
ND=Not detected. Values in mg/0.8 g flower-infused were not considered in the statistical analyses. The representative chromatograms are presented in Supplementary Figs. S1A and
S1B.

A Anthocyanins are expressed as mg cyanidin-3-glucoside 100 g−1 berries and quantified by UHPLC-UV-MS; other polyphenols are expressed as mg gallic acid 100 g−1 berries or as mg
gallic acid 0.8 g−1

flower-infused and quantified by UHPLC-MS.
B Anthocyanins are expressed as μg cyanidin-3-glucoside 0.05mL−1 extract; other polyphenols are expressed as μg gallic acid 0.05mL−1 extract.
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Dietary supplementation with antioxidants are believed to reduce these
effects. Among common small fruits, elderberries are a rich source of
phenolic compounds with antioxidant properties (Ozgen et al., 2010).
Depending on the method used to measure antioxidative activity, some
studies showed comparable activity of elderberries to blackberries,
black raspberries and other dark-fleshed small fruits (Ozgen et al.,
2010) or to chokeberry, and they had a much higher potential than had
cranberry and blueberry, two fruits praised for their high antioxidant
capacity (Wu et al., 2004). Interestingly, elderflowers are also re-
cognized as valuable sources of bioactive polyphenols and they have
moderate antioxidant activity compared to elderberries (Sroka,
Marshall, & Putz, 2014).

The antioxidant properties of elderberries are mainly attributed to
the presence of anthocyanins, specifically cyanidin derivatives which
are major pigments (Sidor & Gramza-Michałowska, 2015). Analysis of
eight different genotypes of S. canadensis (including ‘Scotia’) grown in

the United States has shown the presence of Cy-3-sam-5-glu (second
major pigment present), cyanidin 3 5-diglucoside, cyanidin 3-sambu-
bioside, cyanidin 3-glucoside as well as acylated anthocyanins, namely
cyanidin 3-(Z)-p-coumaroyl-sambubioside-5-glucoside, cyanidin 3-p-
coumaroyl-glucoside, cyanidin 3-(E)-p-coumaroyl-sambubioside-5-glu-
coside (the predominant pigment present) and cyanidin 3-p-coumaroyl-
sambubioside (Lee & Finn, 2007). Depending on the cultivar, cyanidin
3-rutinoside, Dp-3-rut and petunidin 3-rutinoside have been reported to
be undetectable or only found in trace levels. In our study, the antho-
cyanin profile analysis indicates that elderberry extracts only contain
Dp-3-rut. Nevertheless, the fact that cyanidin 3-(E)-p-coumaroyl-sam-
bubioside-5-glucoside and Cy-3-sam-5-glu are also the two major an-
thocyanin compounds present in our elderberry extracts is consistent
with this study.

Moreover, phenolic compounds such as chlorogenic acid and rutin
(glycosylated conjugate quercetin) were found in greater quantities in

Fig. 5. Inhibition of human glioma and brain endothelial cell proliferation by phenolic compounds. (A) Chemical structures of elderberry and elderflower compounds. (B, C) Cells were
seeded into 96-well plates in complete medium. After 24 h, cells were serum-starved under (A) normoxic or (B) hypoxic conditions for another 24 h. Then the medium was removed and
replaced by fresh complete medium in the presence or absence of the indicated compounds or the combination of these compounds (Mix) at 200 μM. After 48 h, cell proliferation was
determined by the WST-1 assay, as described in the Methods section. Values are means ± SEM of three independent experiments performed in quadruplicate (*p < .05, **p < .01 and
***p < .001 versus control).
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both S. canadensis. It should be noted that these compounds are also the
main flavonoids found in our flower extracts, from which rutin is the
major compound as reported by another study (Loizzo et al., 2016).
Interestingly, isoquercetin is also another compound found in greater

levels in our extracts. The variability of anthocyanin composition (and
content) observed in these elderberries could be explained by the type
of cultivars, degree of ripeness, growing regions as well as environ-
mental and climatic conditions (Tomás-Barberán & Espín, 2001).

Fig. 5. (continued)
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Overall, the sum of the major phenolic content present in elderberry
and concentrated elderberry extracts is significantly different. Higher
quantities (mg 100 g-1 berries) of phenolic content in concentrated
elderberry were observed (Table 3).

It is well known that dietary anthocyanins or anthocyanin-enriched
extracts reduce the actions of oxidative stress, proliferation, in-
flammation, and angiogenesis, all processes involved in cancer pro-
gression (Lamy et al., 2006; Lamy et al., 2008; Lin, Gong, Song, & Cui,
2016; Wang & Stoner, 2008). It has been reported that the incorpora-
tion of anthocyanins by endothelial cells enhanced their resistance to
the damaging effects of reactive oxygen species (ROS) (Youdim, Martin,
& Joseph, 2000). In addition, anthocyanin extracts from black soybean
increased the survival of U-87 MG cells accompanied by decreased le-
vels of ROS (Kim et al., 2012). Here, one may envision that the presence
of these antioxidant molecules in our extracts could scavenge the free
radicals and other ROS (Lobo, Patil, Phatak, & Chandra, 2010), thereby
sensitizing glioma and brain endothelial cells to elderberry and elder-
flower treatment. In agreement with this, our data obtained with in-
dividual anthocyanins and rutins confirms their efficacy at inhibiting
cell proliferation. For most of the cell lines tested, Cy-3-sam-5-glu and
rutin were the best inhibitors, suggesting that they are involved in the
inhibitory action of berry or flower extracts. The fact that there is a 2.2-
fold increase of Cy-3-sam-5-glu/cyanidin 3,5-diglucoside and 1.5-fold
increase of rutin contents in concentrated elderberry, as compared to
‘Kent’ and ‘Scotia’ extracts in 50 μL for 1mL cell culture media, could
explain the increased efficiency at inhibiting cell proliferation
(Table 3).

When a combination of two or more compounds exhibits a more
potent effect than the addition of the effects from the individual com-
pounds at equal concentrations, the effect is considered synergistic
(Tallarida, 2011). In this study, we tested whether bioactive compounds
found in elderberry extracts can act synergistically to better inhibit the
growth of glioma and brain endothelial cells than elderflower extracts
where anthocyanins are not present. The results showed that the
combination of two anthocyanin compounds (Dp-3-rut, Cy-3-sam-5-
glu) and rutin exhibited a greater inhibitory effect than did the in-
dividual compounds for most cell lines tested, suggesting that the anti-
proliferative effects of elderberries results in part from interactions
between bioactive components. In support of this, it has been reported
that phytochemicals contained in fruits and vegetables often work
collaboratively to achieve health benefits (R. H. Liu, 2004; Seeram,
Adams, Hardy, & Heber, 2004).

Several epidemiologic and experimental studies have demonstrated
the health-promoting benefits provided by regular berry consumption,
including some against the incidence of certain cancers (Bishayee et al.,
2016; Lee & Finn, 2007; Zafra-Stone et al., 2007). Depending on the
diet, the daily intake of anthocyanins in humans has been estimated to
range from several milligrams to hundreds of milligrams (Manach,
Williamson, Morand, Scalbert, & Remesy, 2005). For example, the total
mean intake of anthocyanins from a Western diet was estimated at
12.5 mg/d (Wu et al., 2006) comparatively to 64.9mg/d from a Med-
iterranean diet (Zamora-Ros et al., 2011). An enhanced intake of
dietary anthocyanins may be occurring with the consumption of com-
mercially available anthocyanin extract. Indeed, at least 14.5 mg of
anthocyanins can be obtained in one single teaspoon (5mL) of con-
centrated elderberry extract (IMMUNIA™). Oral consumption of berry
phytochemicals can directly be absorbed in the oral cavity and in the
stomach as well as in the gastrointestinal tract (Bishayee et al., 2016;
He & Giusti, 2010; Prior & Wu, 2006). In addition, anthocyanins can be
taken up by human vascular endothelial cells (Youdim et al., 2000;
Ziberna et al., 2012) and have demonstrated ability to cross the blood-
brain barrier (BBB) (Andres-Lacueva et al., 2005; Faria et al., 2014;
Youdim, Qaiser, Begley, Rice-Evans, & Abbott, 2004). It is also worth
pointing out the ability of flavonol rutin to also pass through the BBB
(Habtemariam, 2016). Moreover, anthocyanins are rapidly detected in
plasma after consumption of elderberry extract (Cao & Prior, 1999).

Thus, integration of elderberries in the diet might be a comprehensive
strategy for preventing the molecular events involved in chronic disease
progression such as cancer. Human clinical trials demonstrating the
chemopreventive effects of berry preparations have focused mainly on
black raspberries (Kresty, Mallery, & Stoner, 2016). However, it is likely
that other berry types such as elderberries may also be effective for
chemoprevention in humans. Future studies are required to better un-
derstand the molecular mechanisms of action and effectiveness in vivo,
as elderberry and elderflower extracts have potential indications as
cancer chemopreventive agents.
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