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Abstract: It is generally accepted that dietary phenolics from fruits are of significant importance to
human health. Unfortunately, there is minimal published data on how differences in phenolic struc-
ture(s) impact biological pathways at cellular and molecular levels. We observed that haskap berry
extracts isolated with ethanol:formic acid:water or phenolic subclass fractions separated using differ-
ent concentrations of ethanol (40% and 100%) impacted cell growth in a positive manner. All fractions
and extracts significantly increased population doubling times. All extracts and fractions reduced
intracellular free radicals; however, there were differences in these effects, indicating different abilities
to scavenge free radicals. The extracts and fractions also exhibited differing impacts on transcripts
encoding the antioxidant enzymes (CAT, SOD1, GPX1, GSS and HMOX1) and the phosphorylation
state of nuclear factor-κB (NF-κB). We further observed that extracts and fractions containing differ-
ent phenolic structures had divergent impacts on the mammalian target of rapamycin (mTOR) and
sirtuin 1 (SIRT1). siRNA-mediated knockdown of SIRT1 transcripts demonstrated that this enzyme
is key to eliciting haskap phenolic(s) impact on cells. We postulate that phenolic synergism is of
significant importance when evaluating their dietary impact.

Keywords: phenolics; haskap berries; Lonicera caerulea; primary fibroblasts; intracellular free radicals;
sirtuin 1

1. Introduction

Diet has been reported to be the most influential environmental factor on human
health and development with a recent research emphasis directed towards investigating
the relationship(s) between the molecular structure(s) of chemical compounds in foods and
their ability to impact different biological functions [1–3]. One field of particular interest is
the study of how specific chemical compounds in the human diet target reactive oxygen
species (ROS) [4,5]. ROS are highly reactive and harmful molecules produced through
normal metabolic processes and environmental factors (e.g., electromagnetic radiation), and
are directly involved in DNA damage, lipid peroxidation and the formation of advanced
glycation end products, all of which contribute to cellular aging and the development of
age-related disease(s) [6–8]. Our genome encodes proteins that act as defensive mechanisms
to counteract ROS; however, these are not always sufficient, and dietary supplementation
with compounds that scavenge ROS has been proposed to be beneficial. Significant research
emphasis has been directed towards identifying chemical compounds within the diet that
are able to both scavenge and provide protection against ROS formation [9]. Of particular
interest are phenolics, a group of structurally diverse compounds comprised of at least one
six carbon aromatic ring modified with at minimum one hydroxyl group and generally
a covalently linked carbohydrate (e.g., D-glucose). Based on their structure, phenolics
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can readily scavenge free radicals and remain relatively stable, delaying the free radical
propagation reaction. The majority of published research on dietary phenolics focus on
fruit extracts, which are comprised of complex phenolic mixtures, and group them as either
a single compound or class/subclass. However, given their structural diversity, it is logical
that there would be significant differences in their impact on biological systems through
the proteins/cellular components they interact with. It is also logical that the composition
of these mixtures may work synergistically to promote increased radical scavenging as
well as potential interaction with multiple pathways within cells simultaneously.

Haskap is an edible honeysuckle fruit that contains extremely high levels of phenolic
compounds [10,11]. Recent in vivo and in vitro research on haskap extracts (i.e., complex
phenolic mixtures) has indicated that their phenolics have properties ranging from anti-
inflammatory to anticancer, and further claim that cyanidin-3-O-glucoside (C3G), as the
major phenolic, is responsible for these effects [12,13]. We have developed a solid phase
fractionation method using reverse phase chromatography coupled with ethanol:water
as the mobile phase to successfully separate haskap berry phenolics based on their po-
larities. Phenolic class/subclass analysis was performed by high performance liquid
chromatography with photodiode array detection (HPLC-PDA) with phenolic structural
analysis within a fraction by high performance liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS).

The aim of this work was to determine if specific haskap phenolic extracts and frac-
tions were able to influence cell growth and differentially impact important biological
pathways beyond that of free radical scavenging. We treated primary fibroblasts (2DD)
and telomerase immortalized human fibroblasts (NB1hT) with haskap phenolic extracts
and fractions to evaluated their impact on cell growth, the ability to penetrate cells and to
reduce levels of H2O2-induced free radicals. Although all extracts and fractions increased
cell population doubling times, the fractions containing anthocyanins/hydroxycinammic
acids/flavanols (40% ethanol) and flavanols/flavonols (100% ethanol) were most effective
at reducing levels of anti-oxidant enzyme transcripts as well as reducing levels of the active
form (phosphorylated) NF-κB. Transcripts encoding cytokines were consistently reduced
by the 40% fraction, with the phenolic rich (PR) extract and C3G also resulting in significant
reductions. C3G (23.7 µg/mL), the PR extract, and the 40 and 100% fractions all decreased
levels of active phosphorylated mTOR. Although fractions containing complex phenolic
mixtures were more effective at reducing anti-oxidant enzyme and cytokine transcripts
as well as NF-κB and mTOR activity, we demonstrate that C3G and the PR extract had
the greatest effect in activating the deacetylase, sirtuin 1 (SIRT1). These results indicate
that although a single phenolic, such as C3G, has biological effects, the synergistic effect of
haskap phenolics were found to have greater impact.

2. Materials and Methods
2.1. Haskap Berry Phenolic Extracts and Fractions

Haskap berries (Tundra variety, University of Saskatchewan Horticulture Field Lab-
oratory,) were stored at −30 ◦C. A complete description of phenolic extract and fraction
preparation can be found in [14,15]. The methods to produce extracts/fractions is briefly
described—EFW extract: A fruit macerate was produced by mechanically blending the fruit
at high speed for 2 min. To 25.00 ± 0.03 g of fruit macerate, 50.00 ± 0.03 g of ethanol:formic
acid:water (EFW, 70:2:28% (v:v:v)) was added, the resulting mixture was covered and stirred
at 700 rpm/4 ± 2 ◦C for 2 h. The mixture was then vacuum filtered, and the remaining
sediment was removed and resuspended in 50.00 ± 0.03 g EFW. This mixture was stirred
at 4 ± 2 ◦C for 2 h and vacuum filtered a second time. The filtrates were combined and
quantitatively transferred to a 200 mL volumetric flask and brought to volume with EFW.
Fractionation: 10 mL of dried and resuspended (in 5.0 mL of water) EFW extract was
fractionated employing hydrated Amberlite® XAD16N resin via column chromatography
(50.0 cm × 2.0 cm) with sequential treatment with 60 mL of water (fraction 1), 60 mL of
20% (volume:volume; v:v) ethanol (fraction 2), 60 mL of 40% (v:v) ethanol (fraction 3), 60 mL
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of 70% (v:v) ethanol (fraction 4) and 60 mL of 100% ethanol (fraction 5). The 40 and 100%
fractions were individually concentrated to dryness by rotary evaporation (35 ◦C). Phenolic
rich (PR) extract: 10 mL of dried and resuspended (in 5.0 mL of water) EFW extract was
fractionated employing hydrated Amberlite® XAD16N resin via column chromatography
(50.0 cm × 2.0 cm) with sequential treatment with 135 mL of water followed by 135 mL of
100% ethanol. The PR extract was concentrated to dryness by rotary evaporation (35 ◦C).

2.2. Cell Culture

A normal human fibroblast cell line (designated 2DD; [16]) and human telomerase
immortalized fibroblasts (designated NB1hT) were grown in high glucose (4.5 mg/mL)
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% (v:v) bovine calf
serum (CS) and 1% (v:v) penicillin-streptomycin. Cells were plated at an initial density
of 3000/cm2 and were not grown past 80% confluency. Cells were incubated at 37 ◦C
in a humidified environment with 5% carbon dioxide (CO2). When cells reached ~70%
confluency, they were passaged (i.e., harvested and reseeded) using TrypLE Express (Invit-
rogen, Carlsbad, CA, USA). Following counting (Tiefe 0.100 mm, 0.0025 mm2; Neubauer
Improved, EM Sciences, Hatfield, PA, USA) cells were reseeded at 3000/cm2 using the
total number of cells and surface area of the vessel. Cells from passage numbers 12 to
18 were used in experiments to ensure the use of ‘young’ primary cells. Culture media
was changed every 2–3 days if passaging was not required. To prevent contamination, all
handling of cell cultures (i.e., passaging, media changes, etc.) was performed in a sterile
environment (Labconco, Kansas City, MO, USA).

2.3. Cell Treatments

Tundra variety phenolic extracts and fractions were individually freeze-dried and
resuspended in dimethyl sulfoxide (DMSO) to produce stock solutions. Phenolic solutions
were added to supplemented DMEM to achieve final concentrations of 5.0 and 50.0 µg
phenolics/mL media (as determined by HPLC-PDA) for extracts and fractions and 2.4 and
23.7 µg/mL media for cyanidin-3-O-glucoside (C3G; Extrasynthese S.A. (Genay, France))
based on the amount of C3G theoretically present in the 5.0 and 50.0 µg/mL treatments,
respectively. The volume of total DMSO added to create each treatment concentration was
consistent and the vehicle control was prepared by adding that same volume of DMSO to
supplemented DMEM. Note: DMSO was not used to increase cell membrane permeability
but to solubilize treatment phenolics. To prevent the impact of DMSO on cell membrane
permeability, volumes never exceeded 0.05% (v:v) in the media.

2.4. Cell Counts and Cell Viability

Cells (Section 2.2) were seeded in 6-well plates and left for 24 h to adhere to the
plate surface. After this period, fresh DMEM was prepared, each containing the specific
phenolic extract/fraction or C3G and added to cells. Cells were incubated at 37 ◦C for
72 h. Cells were collected (as per passaging) and counted. Population doubling times were
calculated using the following formula: Population doubling time (h) = incubation time (h)
× log(2) (final cell count/initial cell count). To assess cell viability, 50 µL of the above cell
suspension was transferred to a 1.5 mL tube and mixed 1:1 with 0.4% (v:v) trypan blue dye
and incubated for 7 min at room temperature (RT: 22.0 ± 2.0 ◦C). Stained and unstained
cells were then counted using a hemocytometer, with dark blue stained cells considered
nonviable. Percentage cell survival was calculated as follows: % cell survival = 100% ×
total counted cells−nonviable cells total counted cells.

2.5. MitoTracker Orange Labeling of Intracellular Free Radicals

Twenty-four hours after seeding cells onto coverslips (3000 cells/cm2), treatments
(DMSO, 5.0µg/mL and 50.0µg/mL of the extracts/fractions and C3G at 2.3 and 24.7 µg/mL)
were initiated as described (Section 2.4). Cells were then washed two times with serum-free
DMEM. H2O2 (Sigma-Aldrich, St. Louis, MO, USA, Cat #: 216763) was added to serum-free
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DMEM media at a final concentration of 200 µM and incubated at 37 ◦C and 5% CO2 for
30 min. Cells were washed two times in serum-free media and then labelled with Mito-
Tracker Orange CM-H2TMRos according to the manufacturer’s instructions (Molecular
Probes, Cat #: M-7511). This is a reduced, non-fluorescent dye that stains mitochondria and
becomes fluorescent when oxidized. After labelling, cells on coverslips were fixed with
3.7% formaldehyde in phosphate-buffered saline (PBS) for 10 min and permeabilized with
0.5% Triton X-100/PBS for 10 min at RT. Nuclei were counterstained with VECTASHIELD
Mounting Medium with DAPI (Vector Laboratories, Cat #: H1200) and imaged by fluores-
cence microscopy. Images were collected at 60× magnification (Olympus X51 wide-field
microscope) using identical imaging conditions and times. Signal intensity per unit area
was measured using Image J.

2.6. Protein Extraction and Quantification

Cells were plated in 10 cm dishes and treated as described (Section 2.4). Following
centrifugation (174 rcf for 5 min), the cell pellet was resuspended in 100 µL Laemmli lysis
buffer (62.5 mM Tris-HCl pH 6.8, 2% sodium dodecyl sulfate (SDS; weight:volume; w:v),
10% glycerol (v:v), and 5% 2-mercaptoethanol (v:v)) containing protease inhibitor cocktail 2
and phosphatase inhibitor cocktail 2 in a ratio of 100:1:1 (v:v:v). Proteins were quantified
employing UV spectroscopy at 280 nm using a NanoDrop™ 2000 Spectrophotometer
(Thermo Fisher, Waltham, MA, USA).

2.7. Western Blotting

All cell protein extracts were diluted to the same concentration and denatured for
5 min at 95 ◦C prior to sample loading. Thirty to sixty µg per well were loaded on a
5% polyacrylamide stacking gel in conjunction with a 6–12% polyacrylamide resolving
gel in 1× running buffer (25 mM Tris base, 192 mM glycine, and 0.1% SDS) at 125 V.
Proteins were transferred from the gel to a nitrocellulose membrane (Bio-Rad Laboratories,
Hercules, CA, USA) using 1× transfer buffer (25 mM Tris base, 192 mM glycine, and 20%
methanol (v:v)) with a Trans-Blot® SD semi-dry transfer cell (Bio-Rad Laboratories) at
25 V. Membranes were then blocked by incubating in 5.0% skim milk powder (SMP; w:v)
in phosphate-buffered saline with TweenTM 20 (PBST; 8% sodium chloride (w:v), 0.2%
potassium chloride (w:v), 0.76% disodium hydrogen phosphate (w:v), and 0.05% TweenTM
20 (v:v)) for 30 min at RT.

Membranes were incubated with primary antibody diluted in 5.0% SMP in PBST at
4 ◦C overnight: β-actin, 1:2000 (Abcam, Cambridge, MA, USA); phospho-NF-κB p65, 1:1000
(Cell Signaling Technology, Danvers, MA, USA); Nrf2, 1:200 (Santa Cruz Biotechnology,
Dallas, TX, USA); phospho-mTOR, 1:500 (Santa Cruz Biotechnology); and SIRT1, 1:1000
(Abcam). Membranes were washed with ~15 mL of 5.0% SMP/PBST 3× followed by
incubation with secondary antibody (goat anti-rabbit HRP and goat anti-mouse HRP;
1:2000 dilution) in 5 mL of 2.5% SMP/PBST at 4 ◦C overnight. Membranes were washed
3× with 5.0% SMP/PBST for 5 min, followed by PBST for 5 min, and PBS for 5 min. Protein
bands were imaged using enhanced chemiluminescence (ECL) reagent (100 mM Tris-HCl
pH 8.5, 0.2 mM p-coumaric acid, 1.25 mM luminol, and 0.1% hydrogen peroxide (H2O2
(v:v)). Following imaging, densitometry measurements were taken for each protein band
using Image J software (64-bit Java 1.8.0_112). All protein measurements were normalized
first to the loading control β-actin, and then to the control sample (untreated).

2.8. RNA Extraction

TRIzol™ reagent (1 mL) was added to pelleted treated cells and incubated at RT
for 10 min, mixed with 200 µL chloroform and vortexed. Samples were incubated at RT
for 5 min and then centrifuged at 21,130 rcf for 10 min at 4 ◦C. The aqueous phase was
transferred to a new tube and the RNA precipitated by adding 1/10 volume of the aqueous
phase of 3 M sodium acetate (pH 5.2) and an equal volume (to the aqueous phase) of
isopropanol. Samples were incubated for 30 min on ice and then centrifuged at 21,130 rcf
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for 10 min at 4 ◦C. The supernatant was removed and the pellet was washed with 1 mL
of cold 70% ethanol (v:v) and centrifuged (21,130 rcf for 10 min at 4 ◦C). Contaminating
DNA was removed by DNase I treatment; RNA pellets were resuspended (88 µL nuclease
free water, 1 µL RNaseOUT™, 10 µL 10× DNase I reaction buffer, and 1 µL DNase I) and
incubated for 20 min at 37 ◦C. RNA was extracted from this mixture by adding 100 µL
of acid phenol:chloroform (5:1 (v:v); pH 4.5) mixing and centrifugation (21,130 rcf for
10 min at 4 ◦C). RNA samples were dissolved in 30.5 µL of nuclease free water and 1 µL of
RNaseOUT™ was added to inhibit RNase activity. Five µL of each sample was run on a
1% agarose gel and only those with clear 18 S and 28 S rRNA bands were used for cDNA
synthesis. Sample RNA was quantified using a NanoDrop™ 2000 spectrophotometer
at 260 nm and aliquots of 2 µg per 12.5 µL of nuclease free water were transferred to
centrifuge tubes for cDNA synthesis. All sample aliquots were stored at −80 ◦C until
cDNA synthesis.

2.9. cDNA Synthesis and Reverse-Transcriptase-Quantitative PCR (RT-qPCR)

For cDNA synthesis, 1 µL of random primers (10 µM) and 1 µL deoxynucleotide
triphosphate solution (10 mM) were added to RNA aliquots (thawed on ice) and incubated
at 65 ◦C for 5 min. Samples were then placed on ice and 0.5 µL RNaseOUT™, 1 µL
EasyScript RTase (200 U/µL), and 4 µL 5× RT buffer was added. Samples were then
incubated at 25 ◦C for 10 min, 42 ◦C for 60 min, 85 ◦C for 15 min, and were then brought
to 4 ◦C using a thermocycler. Samples were stored at −20 ◦C until analysis. RT-qPCR
was performed in triplicate using 10 µL reactions prepared for each primer pair. Each
reaction used 5 µL PerfeCTa® SYBR® Green SuperMix, 2 µL cDNA template, 1 µL nuclease
free water, and 1 µL primer mix (forward and reverse each at 3 µM). Reactions were
conducted using a Rotor-Gene® Q qPCR (Qiagen, Germantown, MD, USA) with non-
template controls. Melt curve analyses were performed to ensure that single products were
produced in each reaction. Results were quantified using the ∆∆Ct method to produce
fold changes based on five normalizing genes: EFEMP2, FAU, FKBP10, PRDX5, and
SPARC. Primers were designed using Primer 3 Software (version 0.4.0) and sequences
(Supplementary material Table S1).

Fold changes were calculated as follows:
∆Ct treatment sample = Ct target gene in treatment sample−Ct normalizing gene in treatment sample

∆Ct control sample = Ct target gene in control sample−Ct normalizing gene in control sample
∆∆Ct = ∆Ct treatment sample−∆Ct control sample Fold change = 2−∆∆Ct

To eliminate outliers, quartile calculations were performed. Values that were 1.5 times
higher than the upper band (1st quartile) or 1.5 times the value of the lower band (3rd
quartile) were removed from the average and p-value calculations.

2.10. SIRT1 Activity Assay

The 50.0 µg/mL concentration was used for all haskap phenolic treatments, and
23.7 µg/mL was used for C3G. Following treatment and harvesting, cells were resuspended
in 100 µL non-denaturing lysis buffer (50 mM Hepes KOH (pH 7.5), 420 mM NaCl, 0.5 mM
EDTA disodium salt, 0.1 mM egtazic acid, 10% glycerol (v:v)). Proteins were quantified
employing UV spectroscopy at 280 nm using a NanoDrop™ 2000 spectrophotometer. Non-
denaturing lysis buffer was used as a blank and a volume of 1.5 µL was used for each
sample. Samples were then diluted with non-denaturing lysis buffer so as to be of the same
concentration. All protein extracts were vortexed well and stored at −80 ◦C until analysis.
SIRT1 activity was measured fluorometrically using an assay kit (Abcam, Cat #: ab156065).
All reactions were prepared in a 96-well black microtiter plate. To test direct activation
of SIRT1 by phenolics, an initial mixture was prepared of 20 µL water, 5 µL SIRT1 assay
buffer, 5 µL 2 mM NAD, 5 µL 500 µg/mL each phenolic extract in DMSO (23.7 µg/mL
for C3G), and 5 µL fluoro-substrate peptide. Developer was then added (5 µL) to each
reaction and mixed well, followed by the addition of 5 µL recombinant SIRT1 (diluted 1
in 10 with water). The plate was immediately placed in the plate reader and fluorescence



Cells 2021, 10, 2643 6 of 19

was measured at (350 nm excitation/460 nm emission) every 2 min for 60 min. Negative
controls were run with no NAD and no SIRT1.

To test SIRT1 activity in untreated lysates in the presence of all phenolic treatments,
the initial mixture was prepared with 25 µL water (no NAD was added), 5 µL SIRT1
assay buffer, 5 µL 500 µg/mL phenolic extract in DMSO (23.7 µg/mL for C3G), and 5 µL
fluoro-substrate peptide. After the addition of the developer, 5 µL of untreated cell lysate
was added and fluorescence was measured. To test SIRT1 activity in haskap phenolic and
C3G-treated lysates, the initial mixture was prepared with 25 µL water, 5 µL SIRT1 assay
buffer, 5 µL Trichostatin A (10 µM in DMSO), and 5 µL 2 mM NAD. Developer was then
added (5 µL) to each reaction and mixed well, followed by the addition of 5 µL treated cell
lysates. Fluorescence was measured as described previously.

Total reaction volumes in all cases were 50 µL. After fluorescence was measured for all
wells, an arbitrary time point was selected and the fluorescence at that time was recorded
for each reaction. These values were then normalized by dividing the fluorescence of
the treated sample by the fluorescence of the untreated control sample and reported as
normalized fluorescence (in arbitrary units).

2.11. siRNA Knockdown of SIRT1

Cells were grown in plates to ~80% confluence. Mixture A (50 µL of Lipofectamine®

3000 reagent, 575 µL of Opti-Mem) was combined with mixture B (50 µL of siRNA at
10 µM (SIRT1 or control), 25 µL P3000TM reagent, and 550 µL Opti-Mem) and incubated at
room temperature for 15 min. Cells were washed with 5 mL 1× PBS, followed by washing
with 2 mL Opti-Mem per plate. The siRNA mixture in addition to another 1.5 mL of Opti-
Mem. Following 4 h incubation at 37 ◦C, 2.5 mL DMEM (20% (v:v) bovine calf serum (CS)
and 2% (v:v) penicillin-streptomycin) was added. Plates were incubated at 37 ◦C for 18 h
and the media was aspirated and cells were treated as described (Section 2.4). Untreated
cells exposed to control (scramble) siRNA and untreated cells exposed to SIRT1 siRNA
were used as controls. The 50.0 µg/mL concentration was used for all haskap phenolic
treatments, and 23.7 µg/mL was used for C3G. Following the 72 h treatment period, cells
were removed by scraping from the plate surface and collected. Protein extraction and
Western blotting were then performed as described previously.

2.12. Chromatin Immuno-Precipitation

Following phenolic treatment, cells were fixed with 1% paraformaldehyde (Electron
Microscopy Sciences, Cat #: 15714) for 10 min at RT, scraped in ice-cold PBS and pelleted.
Pellets were resuspended in ChIP lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl
pH 8.0) containing Protease Inhibitor Cocktail 2 (Sigma-Aldrich, Cat #: P8340) and Phos-
phatase Inhibitor Cocktail 2 (Sigma-Aldrich, Cat #: P5726). Following 10 min of incubation
on ice, cells were sonicated into DNA fragments with 200–1000 bp in length. A total of
2.5 µg of mouse anti-Nrf2 antibody (Santa Cruz, Cat #: sc-365949) was added to sheared
chromatin samples diluted 10 times in ChIP buffer (0.01% SDS, 1.1% Triton X100, 1.2 mM
EDTA, 16.7 mM Tris-HCl pH 8.0 and 167 mM NaCl) containing Protease Inhibitor Cocktail
2 (Sigma-Aldrich, Cat #: P8340) and Phosphatase Inhibitor Cocktail 2 (Sigma-Aldrich, Cat #:
P5726). A total of 2.5 µg donkey anti-mouse HRP (Jackson Scientific, Mansfield, UK, Cat #:
715-035-150) was used as non-specific antibody control. The mixture was incubated at 4 ◦C
overnight with rotation, followed by binding to 50 µL Dynabead Protein A (Invitrogen,
Cat #: 10006D) at 4 ◦C for 1 h. Samples were then treated with ChIP washing buffer I
(0.1% SDS, 1% Triton X100, 2 mM EDTA, 20 mM Tris pH 8.0 and 150 mM NaCl), ChIP
washing buffer II (0.1% SDS, 1% Triton X100, 2 mM EDTA, 20 mM Tris pH 8.0 and 500 mM
NaCl) and ChIP washing buffer III (1 mM EDTA and 10 mM Tris-HCl pH 8.0). Samples
were eluted with 500 µL of freshly made elution buffer (1% SDS and 0.1 M NaHCO3) for
1 h at RT. Crosslinks were reversed by adding 200 mM NaCl, 12.5 mM EDTA and 2 µL
proteinase K (Invitrogen, Cat #: 25530049), followed by incubating at 65 ◦C for 5 h agitating
at 900 rpm. DNA from each sample was extracted by phenol-chloroform and qPCR was
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performed following DNA extraction. Ten microliter reactions were set up using 5 µL
PerfeCTa® SYBR® Green SuperMix for iQ (Quantabio, Beverly, MA, USA, Cat #: 95053-500),
1 µL ChIP DNA sample, 3 µL H2O and 1 µL of 3 µM forward and reverse ChIP primers.
qPCR reactions were conducted using the Rotor-Gene Q qPCR machine (QIAGEN). All
reactions for each gene were run in triplicate with non-template controls. ChIP-qPCR data
was normalized by the percent input method. Standard error was calculated as a function
of the standard deviations between triplicates.

3. Results
3.1. Haskap Berry Extracts and Fractions

To investigate the impact of haskap phenolics on biological pathways, we employed:
(a) an EFW extract (5.0 and 50.0 µg/mL) containing all classes and subclass of phenolics
in the haskap fruit, as this solvent system improves phenolic extraction over water alone
(Supplementary material Figure S1A,B). In addition, this extract also contained ascorbic
acid (antioxidant), carbohydrates, minerals (anti and pro-oxidant activities), organic acids,
and soluble proteins; (b) a PR extract (>99% purity, 5.0 and 50.0 µg/mL) containing the
all phenolic class and subclass composition of the fruit with non-phenolics (e.g., ascor-
bic acid) essentially removed; (c) a 40% aqueous ethanol fraction (5.0 and 50.0 µg/mL)
containing mainly anthocyanins with hydroxycinnamic acids and flavanols as the next
major subclasses; (d) a 100% ethanol fraction (5.0 and 50.0 µg/mL) containing flavanols
and flavonols (essentially free of anthocyanins); and (e) cyanidin-3-O-glucoside (C3G) at
concentrations of 2.4 and 23.7 µg/mL as this anthocyanin is the major phenolic present
in haskap fruit. These concentrations matched those of this compound in the 5.0 and
50.0 µg/mL PR extract, respectively.

3.2. Phenolic Extracts and Fractions Increased Population Doubling Times and Scavenged
Intracellular Free Radicals

To evaluate the impact of haskap extracts and fractions on cells, we selected 2DD
primary dermal fibroblasts and NB1hT telomerase immortalized dermal fibroblasts based
on our previous assessment of the impact of the putative anti-aging compounds ra-
pamycin [17] and metformin [18] as well as the oat specific polyphenolic compound
avenanthramide C (AVNC) [19]. Our first aim was to determine if the phenolic extracts
and fractions had observable impacts on cell growth in terms of population doubling times.
With the exception of C3G at 2.4 µg/mL, all phenolic treatments significantly increased
2DD and NB1hT population doubling times, with mean increases of 4.3 and 4.1 h, respec-
tively. C3G (23.7 µg/mL) exhibited the largest increase of 14.2 h for 2DD cells (Figure 1A;
light and dark coloured bars) and 11.8 h for NB1hT cells, respectively. There was a greater
impact found for the 100% fraction compared to the 40% fraction in 2DD cells; however,
the 40% fraction had an almost identical impact compared to the 100% fraction in NB1hT
cells, indicating that the phenolic composition of these fractions could account for differing
effects in normal vs. immortalized cells. Population doubling time experiments at phenolic
concentrations <5.0 and >50.0 µg/mL were also conducted; however, these did not exhibit
impacts on cell doubling times beyond those observed at the concentrations studied (data
not shown) and were not evaluated further.

The observed change in population doubling times could result from increased cell
death in response to treatment. Trypan blue assays were conducted and the percentage of
viable cells within populations were determined with no observable changes in the number
of viable cells (Figure S2). These assays showed that population doubling time increases
were likely due to the slowing of cell growth.
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Figure 1. Haskap Phenolics Impact Fibroblast Growth and Reduce Free Radicals Intracellularly. (A) Population doubling
times for 2DD (light grey bars) and NB1 hTERT (dark grey bars) fibroblasts after 72 h treatment with Tundra variety
haskap phenolic extracts (5 µg/mL or 50 µg/mL) and C3G (2.4 µg/mL or 23.7 µg/mL). Treatment abbreviations: EFW,
ethanol:formic acid:water extract; PR, phenolic rich extract; 40%, 40% ethanol fraction; 100%, 100% ethanol fraction; C3G,
cyanidin-3-O-glucoside. p-values = * p < 0.10, ** p < 0.05, *** p < 0.01. (B) 2DD and NB1hT cells grown on coverslips were
treated with 5 µg/mL or 50 µg/mL of EFW—ethanol:formic acid:water, PR—phenolic rich, 40%—40% ethanol fraction,
100%—100% ethanol fraction and C3G—cyanadin-3-O-glucoside (2.4 µg/mL or 23.7 µg/mL) for 72 h. Following this, cells
were washed, exposed to 200 µM H2O2 for 30 min, fixed and stained with Mitotracker Orange (red) and DAPI (counterstain
for DNA—blue). Images for each were collected using equivalent exposure times. Scale bar = 10 µm.

We have previously demonstrated via DPPH and ABTS assays that the aforementioned
extracts and fractions scavenge free radicals in vitro [15]. Although previous reports found
that haskap phenolic extracts reduced free radical production in cell culture systems [13],
this may have been due to the interaction of phenolics with oxidative molecules (e.g., H2O2)
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outside of cells. To evaluate if haskap phenolics are interacting with intracellular radicals,
2DD and NB1hT cells were grown in the presence of the phenolic extracts and fractions
for 72 h, washed with extract/fraction-free media to remove treatment phenolics that did
not penetrate the cells, followed by treatment with H2O2 (200 µM, 30 min) to induce free
radical formation. Cells were stained with MitoTrackerTM dye, imaged using fluorescence
microscopy, with dye intensity within micrographs indicating the levels of intracellular
free radicals in the treated vs. untreated controls (Figure 1B; representative images from
multiple fields of cells are shown). Quantification of arbitrary intensity units of fluorescence
signal demonstrate that in 2DD cells treated with the aforementioned extracts and fractions
all demonstrated a decrease in dye intensity when compared to H2O2 treated cells. In
NB1hT cells, all fractions and extracts reduced the level of intracellular free radicals as
shown by decreased dye intensity; however, the C3G treatment was not as effective as the
other treatments. Data is summarized in Supplemental Figure S3A,B for 2DD and NB1hT
cells, respectively.

These results support the intracellular mechanistic role of phenolic structure(s) present
in each of the extracts/fractions, either directly or indirectly, that resulted in decreased
levels of oxidative stress. In addition, we observed that C3G alone had little to no impact
on the levels of intracellular free radicals in NB1hT cells. This was contrary to that observed
in normal 2DD cells and may indicate that specific phenolics/combinations could have
differing impacts on primary non-immortalized vs. immortalized cells.

The authors recognize that the measurement of free radical scavenging in these ex-
periments was not quantitative; however, these results do provide an assessment of the
relationship between phenolic structure(s)/combinations in these extracts and fractions
and intracellular free radical scavenging. We are confident that this scavenging occurred
inside cells as excess phenolics in the media were removed that could have neutralized the
H2O2 before entering cells.

As the scavenging of free radicals results in decreased cellular oxidative stress [11,20,21],
we tested the impact of haskap phenolic extracts and fractions on the production of intra-
cellular radical scavenging enzymes. As such, RNA was extracted from 2DD and NB1hT
cells treated with the haskap phenolic extracts, fractions and C3G. Following conversion of
RNAs to cDNA libraries, quantitative reverse transcriptase-PCR (qRT-PCR) was performed
for transcripts for catalase (CAT), superoxide dismutase 1 (SOD1), glutathione peroxidase
1 (GPX1), glutathione synthetase (GSS), and heme oxygenase-1 (HMOX1) (Table S3). All
phenolic treatment values that resulted in less than a 3-fold change, either increased or
decreased, were not considered relevant changes.

CAT (Figure 2A) and SOD1 (Figure 2B) are cytosolic proteins involved with converting
intracellular peroxides to water and molecular oxygen. The PR fraction had the great-
est impact on reducing CAT transcripts at both concentrations (5.0 µg/mL −583.3-fold;
50.0 µg/mL −381.9-fold) but had no impact on SOD1. The greatest impact on SOD1 was
seen with the 40% fraction (50.0 µg/mL −46.3-fold), with no impact on CAT. These results
for the PR extract and the 40% fraction indicate that, although both CAT and SOD1 have
similar roles, the downstream mechanisms regulating their transcript levels may not be
the same and that the different subclasses of phenolics have different downstream effects.
The 100% fraction reduced CAT transcripts at both concentrations (5.0 µg/mL −7.3-fold;
50.0 µg/mL −3.9-fold) but had no impact on SOD1. C3G decreased transcript levels of
CAT at the higher concentration (23.7 µg/mL −5.7-fold) but resulted in an increase at the
lower (2.4 µg/mL 15-fold). C3G further reduced SOD1 transcripts at the lower concen-
tration (2.4 µg/mL −6.5-fold) but had no impact at the higher. The observed different
changes to CAT and SOD1 transcripts by C3G when compared to the PR and the 40%
fraction where this compound is the major phenolic; indicate possible synergistic phenolic
roles/mechanisms in mediating regulation of these enzymes.
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Figure 2. Specific Phenolic Fractions Decrease Antioxidant Transcript Levels. qRT-PCR quantification of transcripts
encoding (A) CAT, (B) SOD1, (C) GPX1, (D) GSS and (E) HMOX1 following 72 h exposure of 2DD primary cells to EFW—
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O-glucoside at 5 µg/mL (black bars) and 50 µg/mL (grey bars). Graph values were cut off at 50-fold change vs. control.
p-values = * p < 0.10, ** p < 0.05, *** p < 0.01 NOTE: quantified values are shown in Supplemental material Table S3.

GPX1 (Figure 2C) and GSS (Figure 2D) are both involved with the glutathione path-
way [22,23] and were the most responsive to the 40% fraction, with GPX1 transcripts
reduced at 50.0 µg/mL (−647.6-fold) and GSS reduced at both 5.0 µg/mL (−14,382.6-fold)
and 50.0 µg/mL (−696.3-fold). The 100% fraction significantly reduced GPX1 transcripts
(5.0 µg/mL −26.5-fold) and GSS (5.0 µg/mL −129.3-fold) as did C3G for GPX1 transcripts
only at both concentrations (2.4 µg/mL −85.7-fold; 23.7 µg/mL −12.3-fold). These results
indicate that phenolic structure, synergism and concentration impacted GPX1 and GSS,
and are all important factors when evaluating their biological impact.

Although mainly associated with cleaving heme to form biliverdin [24], the HMOX1
enzyme plays an important role in modulating oxidative stress in non-erythrocyte cells
and tissues. HMOX1 transcripts levels were not statistically responsive to most phenolic
treatments; however, the 40% fraction (5.0 µg/mL) and C3G (2.4 µg/mL) induced −6.6-
fold and −3.8-fold reductions in transcript levels, respectively (Figure 2E). The lack of
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responsiveness of HMOX1 to haskap phenolic treatments is interesting due to a previous
report that has shown that the oat specific phenolic AVNC had a significant impact in
up-regulating transcripts for this enzyme [19]. As AVNC is unique to oat, this supports
our hypothesis that phenolic compounds have the potential to target specific biological
pathways through their unique structures.

3.3. Phenolic Subclass Differentially Impacted NF-κB Activation

Nuclear factor-κB (NF-κB), a heterodimer of the p50 and RELA/p65 proteins, is a key
transcriptional regulator mediating oxidative stress. It has been previously demonstrated
that phenolics can reduce NF-κB activity by decreasing the phosphorylation of the p65
subunit (p-p65) [4,20,25]. To determine if haskap phenolic treatments had differential effects
on p-p65 levels, we performed Western blotting of whole cell protein extracts from 2DD
cells treated for 72 h (Figure 3A). The 40% (anthocyanins/hydroxycinnamic acids/flavanols
subclasses) and 100% (flavanols/flavonols subclasses) fractions had a greater impact on
reducing p-p65 levels when compared to all other treatments, including C3G, indicating
synergistic phenolic structure effects within these fractions. We further evaluated if this
decrease in p-p65 was concomitant with transcript levels regulated by NF-κB by employing
cDNA libraries generated from cells treated with 40 and 100% fractions. qRT-PCR was used
to determine the transcript levels of four genes regulated by NF-κB; interleukin (Il) 1β, Il6,
Il8 and tumor necrosis factor α (TNF α (Figure 3B). Fold change values were generated by
taking the raw Ct values from the aforementioned transcripts and individually comparing
them to Ct values from transcripts from five selected control genes (SPARC, FAU, FKBP10,
PRDX5 and EFEMP2) based on previously published RNAseq data [26] (quantified values
presented in Supplementary material Table S4A–D). The EFW extract exhibited relatively
small decreases in transcript levels compared to the PR extract and fractions, and only at
the lower concentration. The PR extract resulted in significant decreases in all transcripts
at both concentrations, indicating that this extract was more effective than EFW which
contained non-phenolic molecules, such as carbohydrates. The 40% fraction exhibited the
greatest reduction in transcripts at both concentrations. The 100% fraction reduced all
transcript levels but only at the lower concentration (5.0 µg/mL); however, it was not as
effective as the 40% fraction. In addition, the 100% fraction at 50.0 µg/mL only reduced Il8
transcripts. This demonstrates that the differences in phenolic structures present in the 40 vs.
100% fractions had different impacts on decreasing cytokines. The C3G treatment produced
decreases in all cytokine transcript levels at both concentrations. As this compound is
present in both the PR and 40% fraction but not the 100% fraction, it may account for the
decreased effectiveness of the latter. However, as the 40% fraction out-performed C3G in
these experiments, the impact of phenolic synergism is further supported. Finally, the 100%
fraction was most effective at lowering the levels of phosphorylated/active NF-κB but least
effective at reducing cytokine transcripts. This observation suggests that mechanisms other
than NF-κB impact cytokine transcripts and are less responsive to the phenolics present in
the 100% fraction compared to the other treatments.
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Figure 3. Specific Phenolics Fractions Reduce Levels of p65 Phosphorylation (p-p65) in Normal Dermal Fibroblasts and
Decrease Cytokine Transcripts. (A) 2DD cells were treated for 72h with two concentrations (5 µg/mL or 50 µg/mL) of
haskap phenolic extractions and fractions followed by Western blot analysis for p-p65 (top panel) and load control, β-actin
(bottom panel). C—control, EFW—ethanol:formic acid:water, PR—phenolic rich, 40%—40% ethanol fraction, 100%—100%
ethanol fraction. NOTE—this is one representative Western blot of two biological replicates quantified in Supplemental
material Figure S3. qRT-PCR was used to probe cDNA libraries for Il1β (B), Il6 (C), Il8 (D) and TNFα (E) from 2DD cells
exposed to 5 µg/mL (black bars) and 50 µg/mL (grey bars) of EFW, PR, 40% and 100% phenolic fractions as well as C3G
(2.4 µg/mL and 23.75 µg/mL). Graph values were cut off after 50-fold changes. p-values = * p < 0.10, ** p < 0.05, *** p < 0.01
NOTE: quantified values are shown in Supplemental material Table S4.

3.4. Phenolic Subclass Impacts Cellular Pathways That Promote Cellular Health

The mammalian target of rapamycin complex I (mTORC1) is associated with cellu-
lar health and lifespan, and numerous naturally occurring compounds impact mTORC1
activity [1,27,28]. The mTOR protein is the catalytic kinase subunit of mTORC1 and is
activated by phosphorylation (p-mTOR). When conditions become unfavorable, such as
depletion of cellular energy or nutrients, p-mTOR is dephosphorylated (mTOR) leading to
changes in downstream pathways involved with cellular maintenance and repair, such as
autophagy [29]. To determine if phenolic treatments impacted p-mTOR levels, Western blot-
ting of 2DD whole cell protein extracts were conducted (Figure 4: top panel). Experimental
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results for p-mTOR levels were: (a) no change for the EFW fraction at both concentrations;
(b) a large decrease for the PR fraction at 50.0 µg/mL and a small decrease at 5.0 µg/mL;
(c) for the 40% fraction, a similar pattern was observed to that of the PR extract; (d) a large
decrease was observed for the 100% fraction at both concentrations; and (e) C3G showed a
reduction at 23.7 µg/mL only. The observed differences on p-mTOR activation as shown
by the 40 and 100% fractions further support our hypothesis that phenolic structure(s) are
responsible for eliciting contrasting biological responses.
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Figure 4. Specific Phenolic Fractions Reduce mTOR Phosphorylation and Increase NRF2 Protein Levels. Western blot
analysis for phosphorylated mTOR (phospho-mTOR) (top panel) and NRF2 (bottom panel) protein following 72h exposure
of 2DD cells to phenolic fractions at 2 concentrations (5 µg/mL or 50 µg/mL). C—control, EFW—ethanol:formic acid:water,
PR—phenolic rich, 40%—40% ethanol fraction, 100%—100% ethanol fraction. Equivalent amounts of protein were loaded
into each blot and probed for phospho-mTOR (residue 2448) and NRF2.

The nuclear erythroid 2-like-factor 2 (NRF2) protein has been shown to be activated
by dietary compounds such as sulforophane [28] and is a key regulator of several genes
involved with cellular health, including HMOX1. Although these phenolic treatments
did not elicit changes in HMOX1 transcript levels (Figure 3E), this result alone does
not eliminate the possibility of a change in NRF2 protein levels/activity. To evaluate
the impact of the phenolic treatments on NRF2 protein levels, we performed Western
blotting of 2DD whole cell protein extracts following 72 h of treatment (Figure 4, bottom
panel; quantified values in Supplementary material Figure S5A). We observed that the 40
(5.0 µg/mL and 50.0 µg/mL) and 100% (5.0 µg/mL) fractions increased NRF2 protein levels
when compared to untreated controls. All other phenolic treatments had no significant
effect on NRF2 protein levels.

The lack of HMOX1 induction appears contradictory to that of the Western blot data
for NRF2 in the 40 and 100 % fractions. However, NRF2 is sequestered in the cytoplasm
under non-stress conditions by KEAP1 and this indicates that although there may be
more protein in response to phenolic treatments, it did not access gene promoters in these
assays. To test if the observed increase in NRF2 protein levels in 2DD cells induced by
the 40 and 100% fractions lead to increased promoter binding, we performed chromatin
immuno-precipitation (ChIP) assays followed by qPCR quantification for five genes known
to have NRF2 binding sites: FOS, IL-8, Il-6, NQO-1 and IL-1β [19,30]. No increase in NRF2
promoter occupancy was observed (Supplementary material Figure S5B), which may be
explained by NRF2 not being released from KEAP1, or that it is bound to other regions of
the genome and not with these specific promoters.

3.5. Sirtuin 1 Is Indirectly Impacted by Haskap Phenolics But Is Required for Downstream Effects

Sirtuin1 is a deacetylase enzyme targeting several proteins/pathways, including
those involved with mediating cellular stress and promoting cellular and organismal
lifespan such as NF-κB, mTOR and NRF2 [31]. Several phenolics [32–35], including resver-
atrol [36–38], have been reported to influence SIRT1 protein levels. To determine if these
phenolic treatments had an impact on SIRT1 protein levels, we performed Western blotting
for SIRT1 on whole cell protein extracts isolated from two independent biological replicates
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of 2DD and NB1hT cells treated for 72 h (Figure 5A). The modest increases/decreases in
protein levels observed in this study (data not shown), which were below our statistical
significance threshold (</> 3-fold), were much lower than those reported previously for
haskap extracts [33]. Possible reasons for these differences include: (a) how the specific
extracts were generated and quantified in the aforementioned study; (b) the use of dif-
ferent cell types/lines, one of which was primary and as such would result in variance;
(c) treatment times; and (d) the haskap varieties used and their maturity, and the agronomic
and environmental growth conditions used, both of which impact fruit phenolic profiles
and concentrations.
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Figure 5. SIRT1 Protein and Enzymatic Activity Increase in Response to Haskap Phenolic Fractions. (A) 2DD (top two
panels) and NB1hT (bottom two panels) cells were exposed to 2 concentrations (5 µg/mL or 50 µg/mL) of haskap phenolic
fractions (C—control, EFW—ethanol:formic acid:water, PR—phenolic rich, 40%—40% ethanol fraction, 100%—100% ethanol
fraction) for 72 h and total cellular proteins harvested. Western blots of equal protein for each samples were probed for
SIRT1; β-actin westerns were used for load controls. SIRT1 activity assays were performed using DMSO mock controls, EFW,
PR, 40%, 100% and C3G with either recombinant SIRT1 (B), treatment of cell lysates following isolation (C) or performed on
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The levels of SIRT1 are important to cellular function; however, as with our results
for NRF2 responsiveness to haskap phenolic treatments, this may not equate to changes
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in enzymatic activity. In order to test the impact of phenolic treatment on SIRT1 activity,
we initially examined if they directly interacted with recombinant SIRT1 in cell free assays.
For all SIRT1 activity assays, the 50.0 µg/mL concentration for extracts/fractions and
23.7 µg/mL for C3G were evaluated. No significant increases in recombinant SIRT1 activity
(i.e., no repression of SIRT1) with these treatments were observed (Figure 5B). We further
evaluated if these phenolic treatments could interact directly with cellular components
by their mixing with total 2DD cell lysates (Figure 5C). The SIRT1 activity assays did not
result in a significant change, indicating that endogenous cellular SIRT1 did not directly
interact with these phenolics. Finally, the impact of these phenolic treatments on SIRT1
activity for 2DD cells was examined following 72 h treatment (Figure 5D). Significant
increases in SIRT1 activity were observed in response to: the PR extract (5.5-fold); the 40%
(4.3-fold) fraction; and C3G (5.5-fold). The equivalent impacts on SIRT1 activity for the PR
extract and C3G indicates that this phenolic [anthocyanin] is most likely responsible for the
observed indirect activation of SIRT1 function. This conclusion is based on the fact that the
concentration of this phenolic in the PR extract was equivalent to the C3G concentration
used (i.e., 23.7 µg/mL). Although C3G is also present in the 40% fraction, it is at a lower
concentration than in the PR extract, which explains the lower increase in SIRT1 levels for
this phenolic treatment. Although, SIRT1 levels have been evaluated previously, to the
best of our knowledge this is the first report of SIRT1 activity in response to haskap fruit
extracts and fractions, and that this is an indirect interaction requiring intact cells.

As SIRT1 has several downstream targets, such as p-p65 and p-mTOR, we performed
assays to determine if SIRT1 activity was required for specific phenolic extracts and frac-
tions to impact these targets. We transiently transfected short interfering RNA (siRNA) for
SIRT1 into 2DD cells, which resulted in the degradation of messenger RNAs encoding SIRT1
with concomitant knocking-down of SIRT1 levels. Phenolic treatment(s) of transfected
2DD cells were unable to rescue/restore SIRT1 levels (Figure 6, 1st row). We demonstrated
(Figure 3) that phenolic treatments reduce levels of p-p65; however, in cells where SIRT1
had been knocked down, PR, 40 and 100% fractions (all treatments at 50.0 µg/mL) and C3G
(23.7 µg/mL) increased levels of p65 phosphorylation (Figure 6, 2nd row). Furthermore,
p-mTOR levels remained constant in SIRT1 knockdown cells (Figure 6, 3rd row) while in-
ducing slight increases in NRF2 levels with all phenolic treatments (Figure 6, 4th row). This
indicates that NRF2 protein levels and as-of-yet unidentified functions occur independently
of SIRT1. We also noted that SIRT1 knockdown in 2DD cells with phenolic treatment failed
to induce significant changes in population doubling times, with the exception of a slight
but significant (2 h) increase in response to the 100% fraction (Supplementary materials
Figure S6). These results indicate that SIRT1 plays a central role in mediating the response
of 2DD cell growth in response to haskap phenolic treatment.
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Figure 6. Knockdown of SIRT1 Inhibits Haskap Phenolic-Mediated Changes p-p65 and p-mTOR Levels but not NRF2
Protein Levels. 2DD cells were exposed to phenolic fractions for 72 h following siRNA-mediated knockdown of SIRT1.
Equivalent whole cell protein lysates were blotted for SIRT1 (top row), p-p65 (2nd row), p-mTOR (3rd row) and NRF2 (4th
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4. Discussion

The aim of the research was to investigate potential differential impacts of haskap berry
(Tundra variety) phenolic subclasses (i.e., structure) on cell growth and biological pathways
linked to oxidative stress. To accomplish this, primary and immortalized dermal fibroblasts
were treated with haskap phenolic extracts (EFW and PR) and fractions (40 and 100%), and
cyanidin-3-O-glucoside (C3G) at two concentrations. We found that all phenolic treatments
increased cell population doubling times resulting from a slowing of cell growth and not a
change in cell viability. Intracellular (NB1hT cells) free radical scavenging by all phenolic
treatments was observed by fluorescence microscopy imaging via MitoTrackerTM dye,
although there was variation in how these extracts/fractions performed. The relationship
between phenolic treatment and five intracellular radical scavenging enzymes (CAT, SOD1,
GPX1, GSS, HMOX1) was followed by quantitative reverse transcriptase-PCR (qRT-PCR)
on transcripts from cDNA libraries. With the exception of HMOX1, all phenolic treatments
elicited decreases in transcripts for these radical scavenging enzymes, with the 40% fraction
being the most potent. In addition, we found that this fraction had the greatest impact
on the NF-κB and mTOR stress sensing pathways, resulting in decreased levels of pro-
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inflammatory cytokines. Results from SIRT1 and SIRT1 knock down activity experiments
illustrated the importance of C3G in mediating SIRT1 responsiveness, as the 100% fraction
did not elicit a significant response. However, these assays demonstrate that the interaction
between C3G and SIRT1 is likely indirect as C3G and the fractions had no impact on
recombinant SIRT1 in cell-free environments. This is one of the limitations of the current
study, we cannot be exact with which specific phenolics, or combinations of phenolics are
having the effect and which specific proteins/pathways they are directly interacting with.
Future studies will aim at identifying which pathways are directly impacted as well the
specific phenolic structures that mediate these responses.

Based on experimental results, we postulate that: (a) phenolic synergy (i.e., structure)
plays an important role in mediating cellular stress as the PR extract (containing all haskap
phenolics), 40% fraction (anthocyanins/hydroxycinnamic acids/flavanols), and 100% frac-
tion (flavanols/flavonols) outperformed C3G in assays measuring intracellular free radicals
and antioxidant transcripts; (b) an optimum phenolic concentration is required; (c) mul-
tiple parallel biological pathways may be activated or repressed in response to specific
phenolic treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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2DD Cell p-p65 Normalization to Control Quantification Following Exposure to Haskap Phenolic
Fractions, Figure S5: NRF2 Protein Levels Demonstrate Responsiveness to Haskap Phenolics but did
not Increase DNA binding, Figure S6: NF-κB/p-p65 is No Longer Responsive to Phenolics Following
SIRT1 Knockdown in Immortalized Fibroblasts, Table S1: qPCR Primers used for Gene Expression
Analysis, Table S2: Phenolic Compounds Identified in Haskap Berry Fractions, Table S3: Haskap
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Extract and Fraction Impacts on Cytokine Transcripts.

Author Contributions: L.R.Z. performed separation, extractions and cell culture experiments. C.A.-P.
performed assays for the analysis for intracellular free radicals. Z.E.G. performed ChIP analyses.
N.H.L. and C.H.E. conceptualized and supervised the research. C.H.E. wrote the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the Saskatchewan Ministry of Agriculture (Agri-
culture Development Fund Grant 20190076); University of Saskatchewan (UofS) College of Graduate
and Postdoctoral Studies and Department of Food and Bioproduct Sciences (LRZ), and the Natural
Sciences and Engineering Research Council (NSERC) of Canada Discovery Grant Program (NHL:
#36675; CHE: RGPIN 04930-2015).

Informed Consent Statement: Not applicable.

Acknowledgments: We would to thank F. Vizeacoumar (Saskatchewan Cancer Cluster, University
of Saskatchewan) for donation of the lentivirus and the infection of the NB1hT cells. Fruit samples
were provided by the UofS Horticulture Field Lab with the help of Bob Bors.

Conflicts of Interest: The authors have no conflict of interest.

References
1. Gillespie, Z.E.; Pickering, J.; Eskiw, C.H. Better living through chemistry: Caloric restriction (CR) and CR mimetics alter genome

function to promote increased health and lifespan. Front. Genet. 2016, 7, 142. [CrossRef] [PubMed]
2. Brandhorst, S.; Longo, V.D. Dietary restrictions and nutrition in the prevention and treatment of cardiovascular disease. Circ. Res.

2019, 124, 952–965. [CrossRef] [PubMed]
3. de Magalhaes, J.P.; Wuttke, D.; Wood, S.H.; Plank, M.; Vora, C. Genome-environment interactions that modulate aging: Powerful

targets for drug discovery. Pharmacol. Rev. 2012, 64, 88–101. [CrossRef] [PubMed]
4. Yahfoufi, N.; Alsadi, N.; Jambi, M.; Matar, C. The immunomodulatory and anti-inflammatory role of polyphenols. Nutrients 2018,

10, 1618. [CrossRef]
5. Serino, A.; Salazar, G. Protective role of polyphenols against vascular inflammation, aging and cardiovascular disease. Nutrients

2018, 11, 53. [CrossRef]

https://www.mdpi.com/article/10.3390/cells10102643/s1
https://www.mdpi.com/article/10.3390/cells10102643/s1
http://doi.org/10.3389/fgene.2016.00142
http://www.ncbi.nlm.nih.gov/pubmed/27588026
http://doi.org/10.1161/CIRCRESAHA.118.313352
http://www.ncbi.nlm.nih.gov/pubmed/30870119
http://doi.org/10.1124/pr.110.004499
http://www.ncbi.nlm.nih.gov/pubmed/22090473
http://doi.org/10.3390/nu10111618
http://doi.org/10.3390/nu11010053


Cells 2021, 10, 2643 18 of 19

6. Vina, J.; Borras, C.; Abdelaziz, K.M.; Garcia-Valles, R.; Gomez-Cabrera, M.C. The free radical theory of aging revisited: The cell
signaling disruption theory of aging. Antioxid. Redox Signal. 2013, 19, 779–787. [CrossRef]

7. Santos, A.L.; Sinha, S.; Lindner, A.B. The good, the bad, and the ugly of ROS: New insights on aging and aging-related diseases
from eukaryotic and prokaryotic model organisms. Oxidative Med. Cell. Longev. 2018, 2018, 1941285. [CrossRef]

8. Kubben, N.; Misteli, T. Shared molecular and cellular mechanisms of premature ageing and ageing-associated diseases. Nat. Rev.
Mol. Cell Biol. 2017, 18, 559–560. [CrossRef]

9. Ferguson, L.R.; Schlothauer, R.C. The potential role of nutritional genomics tools in validating high health foods for cancer
control: Broccoli as example. Mol. Nutr. Food Res. 2012, 56, 126–146. [CrossRef] [PubMed]

10. Caprioli, G.; Iannarelli, R.; Innocenti, M.; Bellumori, M.; Fiorini, D.; Sagratini, G.; Vittori, S.; Buccioni, M.; Santinelli, C.; Bramucci,
M.; et al. Blue honeysuckle fruit (Lonicera caerulea L.) from eastern Russia: Phenolic composition, nutritional value and biological
activities of its polar extracts. Food Funct. 2016, 7, 1892–1903. [CrossRef] [PubMed]

11. Rupasinghe, H.P.; Boehm, M.M.; Sekhon-Loodu, S.; Parmar, I.; Bors, B.; Jamieson, A.R. Anti-inflammatory activity of haskap
cultivars is polyphenols-dependent. Biomolecules 2015, 5, 1079–1098. [CrossRef] [PubMed]

12. De Silva, A.B.K.H.; Rupasinghe, H.P.V. Polyphenols composition and anti-diabetic properties in vitro of haskap (Lonicera caerulea
L.) berries in relation to cultivar and harvesting date. J. Food Compos. Anal. 2020, 88, 103402. [CrossRef]

13. Pace, E.; Jiang, Y.; Clemens, A.; Crossman, T.; Rupasinghe, H.P.V. Impact of thermal degradation of cyanidin-3-O-glucoside of
haskap berry on cytotoxicity of hepatocellular carcinoma HepG2 and breast cancer MDA-MB-231 cells. Antioxidants 2018, 7, 24.
[CrossRef]

14. de Souza, D.R.; Willems, J.L.; Low, N.H. Phenolic composition and antioxidant activities of saskatoon berry fruit and pomace.
Food Chem. 2019, 290, 168–177. [CrossRef] [PubMed]

15. Zehfus, L.R.; Eskiw, C.H.; Low, N.H. Phenolic profiles and antioxidant activities of Saskatchewan (Canada) bred haskap (Lonicera
caerulea) berries. BioRxiv 2021. [CrossRef]

16. Bridger, J.M.; Kill, I.R.; O’Fareell, M.; Hutchinson, C.J. Internal lamin structures within G1 nuclei of human dermal fibroblasts. J.
Cell Sci. 1993, 104, 297–306. [CrossRef] [PubMed]

17. Gillespie, Z.E.; MacKay, K.; Sander, M.; Trost, B.; Dawicki, W.; Wickramarathna, A.; Gordon, J.; Eramian, M.; Kill, I.R.; Bridger,
J.M.; et al. Rapamycin reduces fibroblast proliferation without causing quiescence and induces STAT5A/B-mediated cytokine
production. Nucleus 2015, 6, 490–506. [CrossRef]

18. Gillespie, Z.E.; Wang, C.; Vadan, F.; Yu, T.Y.; Ausio, J.; Kusalik, A.; Eskiw, C.H. Metformin induces the AP-1 transcription factor
network in normal dermal fibroblasts. Sci. Rep. 2019, 9, 5369–5386. [CrossRef]

19. Wang, C.; Eskiw, C.H. Cytoprotective effects of Avenathramide C against oxidative and inflammatory stress in normal human
dermal fibroblasts. Sci. Rep. 2019, 9, 2932. [CrossRef]

20. Kim, H.S.; Quon, M.J.; Kim, J.A. New insights into the mechanisms of polyphenols beyond antioxidant properties; lessons from
the green tea polyphenol, epigallocatechin 3-gallate. Redox Biol. 2014, 2, 187–195. [CrossRef]

21. Perrelli, A.; Goitre, L.; Salzano, A.M.; Moglia, A.; Scaloni, A.; Retta, S.F. Biological activities, health benefits, and therapeutic
properties of avenanthramides: From skin protection to prevention and treatment of cerebrovascular diseases. Oxidative Med.
Cell. Longev. 2018, 2018, 6015351. [CrossRef] [PubMed]

22. Lubos, E.; Loscalzo, J.; Handy, D.E. Glutathione peroxidase-1 in health and disease: From molecular mechanisms to therapeutic
opportunities. Antioxid. Redox Signal. 2011, 15, 1957–1997. [CrossRef] [PubMed]

23. Islam, M.T. Oxidative stress and mitochondrial dysfunction-linked neurodegenerative disorders. Neurol. Res. 2017, 39, 73–82.
[CrossRef]

24. Stec, D.E.; Hinds, T.D., Jr. Natural product heme oxygenase inducers as treatment for nonalcoholic fatty liver disease. Int. J. Mol.
Sci. 2020, 21, 9493. [CrossRef] [PubMed]

25. Knutson, M.D.; Leeuwenburgh, C. Resveratrol and novel potent activators of SIRT1: Effects on aging and age-related diseases.
Nutr. Rev. 2008, 66, 591–596. [CrossRef]

26. Trost, B.; Moir, C.A.; Gillespie, Z.E.; Kusalik, A.; Mitchell, J.A.; Eskiw, C.H. Concordance between RNA-sequencing data and DNA
microarray data in transcriptome analysis of proliferative and quiescent fibroblasts. R. Soc. Open Sci. 2015, 2, 150402. [CrossRef]

27. Almendariz-Palacios, C.; Gillespie, Z.E.; Janzen, M.; Martinez, V.; Bridger, J.M.; Harkness, T.A.A.; Mousseau, D.D.; Eskiw, C.H.
The nuclear lamina: Protein accumulation and disease. Biomedicines 2020, 8, 188. [CrossRef]

28. Zhou, Q.; Chen, B.; Wang, X.; Wu, L.; Yang, Y.; Cheng, X.; Hu, Z.; Cai, X.; Yang, J.; Sun, X.; et al. Sulforaphane protects against
rotenone-induced neurotoxicity in vivo: Involvement of the mTOR, Nrf2, and autophagy pathways. Sci. Rep. 2016, 6, 32206.
[CrossRef]

29. Laplante, M.; Sabatini, D.M. Regulation of mTORC1 and its impact on gene expression at a glance. J. Cell Sci. 2013, 126, 1713–1719.
[CrossRef]

30. Kubben, N.; Zhang, W.; Wang, L.; Voss, T.C.; Yang, J.; Qu, J.; Liu, G.H.; Misteli, T. Repression of the antioxidant NRF2 pathway in
premature aging. Cell 2016, 165, 1361–1374. [CrossRef]

31. Almendariz-Palacios, C.; Mousseau, D.D.; Eskiw, C.H.; Gillespie, Z.E. Still living better through chemistry: An update on caloric
restriction and caloric restriction mimetics as tools to promote health and lifespan. Int. J. Mol. Sci. 2020, 21, 9220. [CrossRef]
[PubMed]

http://doi.org/10.1089/ars.2012.5111
http://doi.org/10.1155/2018/1941285
http://doi.org/10.1038/nrm.2017.68
http://doi.org/10.1002/mnfr.201100507
http://www.ncbi.nlm.nih.gov/pubmed/22147677
http://doi.org/10.1039/C6FO00203J
http://www.ncbi.nlm.nih.gov/pubmed/27040352
http://doi.org/10.3390/biom5021079
http://www.ncbi.nlm.nih.gov/pubmed/26043379
http://doi.org/10.1016/j.jfca.2019.103402
http://doi.org/10.3390/antiox7020024
http://doi.org/10.1016/j.foodchem.2019.03.077
http://www.ncbi.nlm.nih.gov/pubmed/31000034
http://doi.org/10.1101/2021.08.04.455127
http://doi.org/10.1242/jcs.104.2.297
http://www.ncbi.nlm.nih.gov/pubmed/8505362
http://doi.org/10.1080/19491034.2015.1128610
http://doi.org/10.1038/s41598-019-41839-1
http://doi.org/10.1038/s41598-019-39244-9
http://doi.org/10.1016/j.redox.2013.12.022
http://doi.org/10.1155/2018/6015351
http://www.ncbi.nlm.nih.gov/pubmed/30245775
http://doi.org/10.1089/ars.2010.3586
http://www.ncbi.nlm.nih.gov/pubmed/21087145
http://doi.org/10.1080/01616412.2016.1251711
http://doi.org/10.3390/ijms21249493
http://www.ncbi.nlm.nih.gov/pubmed/33327438
http://doi.org/10.1111/j.1753-4887.2008.00109.x
http://doi.org/10.1098/rsos.150402
http://doi.org/10.3390/biomedicines8070188
http://doi.org/10.1038/srep32206
http://doi.org/10.1242/jcs.125773
http://doi.org/10.1016/j.cell.2016.05.017
http://doi.org/10.3390/ijms21239220
http://www.ncbi.nlm.nih.gov/pubmed/33287232


Cells 2021, 10, 2643 19 of 19

32. de Boer, V.C.; de Goffau, M.C.; Arts, I.C.; Hollman, P.C.; Keijer, J. SIRT1 stimulation by polyphenols is affected by their stability
and metabolism. Mech. Ageing Dev. 2006, 127, 618–627. [CrossRef]

33. Liu, S.; Sui, Q.; Zhao, Y.; Chang, X. lonicera caerulea berry polyphenols activate SIRT1, enhancing inhibition of RAW264.7
macrophage foam cell formation and promoting cholesterol efflux. J. Agric. Food Chem. 2019, 67, 7157–7166. [CrossRef] [PubMed]

34. Palikova, I.; Heinrich, J.; Bednar, P.; Marhol, P.; Kren, V.; Cvak, L.; Valentova, K.; Ruzicka, F.; Hola, V.; Kolar, M.; et al. Constituents
and antimicrobial properties of blue honeysuckle: A novel source for phenolic antioxidants. J. Agric. Food Chem. 2008, 56,
11883–11889. [CrossRef] [PubMed]

35. Wakeling, L.A.; Ions, L.J.; Ford, D. Could Sirt1-mediated epigenetic effects contribute to the longevity response to dietary
restriction and be mimicked by other dietary interventions? Age 2009, 31, 327–341. [CrossRef] [PubMed]

36. Borra, M.T.; Smith, B.C.; Denu, J.M. Mechanism of human SIRT1 activation by resveratrol. J. Biol. Chem. 2005, 280, 17187–17195.
[CrossRef]

37. Chung, J.H.; Manganiello, V.; Dyck, J.R. Resveratrol as a calorie restriction mimetic: Therapeutic implications. Trends Cell Biol.
2012, 22, 546–554. [CrossRef]

38. Ramis, M.R.; Esteban, S.; Miralles, A.; Tan, D.X.; Reiter, R.J. Caloric restriction, resveratrol and melatonin: Role of SIRT1 and
implications for aging and related-diseases. Mech. Ageing Dev. 2015, 146–148, 28–41. [CrossRef]

http://doi.org/10.1016/j.mad.2006.02.007
http://doi.org/10.1021/acs.jafc.9b02045
http://www.ncbi.nlm.nih.gov/pubmed/31146527
http://doi.org/10.1021/jf8026233
http://www.ncbi.nlm.nih.gov/pubmed/19112647
http://doi.org/10.1007/s11357-009-9104-5
http://www.ncbi.nlm.nih.gov/pubmed/19568959
http://doi.org/10.1074/jbc.M501250200
http://doi.org/10.1016/j.tcb.2012.07.004
http://doi.org/10.1016/j.mad.2015.03.008

	Introduction 
	Materials and Methods 
	Haskap Berry Phenolic Extracts and Fractions 
	Cell Culture 
	Cell Treatments 
	Cell Counts and Cell Viability 
	MitoTracker Orange Labeling of Intracellular Free Radicals 
	Protein Extraction and Quantification 
	Western Blotting 
	RNA Extraction 
	cDNA Synthesis and Reverse-Transcriptase-Quantitative PCR (RT-qPCR) 
	SIRT1 Activity Assay 
	siRNA Knockdown of SIRT1 
	Chromatin Immuno-Precipitation 

	Results 
	Haskap Berry Extracts and Fractions 
	Phenolic Extracts and Fractions Increased Population Doubling Times and Scavenged Intracellular Free Radicals 
	Phenolic Subclass Differentially Impacted NF-B Activation 
	Phenolic Subclass Impacts Cellular Pathways That Promote Cellular Health 
	Sirtuin 1 Is Indirectly Impacted by Haskap Phenolics But Is Required for Downstream Effects 

	Discussion 
	References

