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Abstract: Parkinson’s disease (PD) is a neurodegenerative disorder involving motor symptoms
caused by a loss of dopaminergic neurons in the substantia nigra region of the brain. Epidemiological
evidence suggests that anthocyanin (ANC) intake is associated with a low risk of PD. Previously, we
reported that extracts enriched with ANC and proanthocyanidins (PAC) suppressed dopaminergic
neuron death elicited by the PD-related toxin rotenone in a primary midbrain culture model. Here,
we characterized botanical extracts enriched with a mixed profile of polyphenols, as well as a set
of purified polyphenolic standards, in terms of their ability to mitigate dopaminergic cell death
in midbrain cultures exposed to another PD-related toxicant, paraquat (PQ), and we examined
underlying neuroprotective mechanisms. Extracts prepared from blueberries, black currants, grape
seeds, grape skin, mulberries, and plums, as well as several ANC, were found to rescue dopaminergic
neuron loss in PQ-treated cultures. Comparison of a subset of ANC-rich extracts for the ability
to mitigate neurotoxicity elicited by PQ versus rotenone revealed that a hibiscus or plum extract
was only neuroprotective in cultures exposed to rotenone or PQ, respectively. Several extracts
or compounds with the ability to protect against PQ neurotoxicity increased the activity of the
antioxidant transcription factor Nrf2 in cultured astrocytes, and PQ-induced dopaminergic cell
death was attenuated in Nrf2-expressing midbrain cultures. In other studies, we found that extracts
prepared from hibiscus, grape skin, or purple basil (but not plums) rescued defects in O2 consumption
in neuronal cells treated with rotenone. Collectively, these findings suggest that extracts enriched
with certain combinations of ANC, PAC, stilbenes, and other polyphenols could potentially slow
neurodegeneration in the brains of individuals exposed to PQ or rotenone by activating cellular
antioxidant mechanisms and/or alleviating mitochondrial dysfunction.
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1. Introduction

Parkinson’s disease (PD) is a debilitating neurodegenerative disorder characterized
by a loss of dopaminergic neurons in the substantia nigra of the midbrain region [1].
Additionally, surviving neurons accumulate cytosolic inclusions named Lewy bodies
enriched with fibrillar forms of the presynaptic protein α-synuclein (aSyn) [2,3]. Mutations
in the gene encoding aSyn have been linked to cases of familial PD [4,5]. Mitochondrial
dysfunction and oxidative stress are thought to be key factors in PD pathogenesis [6]. In
support of this idea, the brains of PD patients show a decrease in the activity of complex
I, an enzyme of the mitochondrial electron transport chain. The leakage of electrons that
occurs as a result of this complex I defect is hypothesized to trigger a build-up of reactive
oxygen species (ROS), and these in turn may play a role in the formation of toxic aSyn
oligomers involved in neurodegeneration [4,7–9].

Epidemiological data suggest that the risk of PD increases with exposure to two
agrichemicals: rotenone, a flavonoid derivative used as a pesticide, and paraquat (PQ),
a bipyridyl derivative used as an herbicide [10]. Rotenone is a mitochondrial complex
I inhibitor that disrupts the electron transport chain, thereby increasing mitochondrial
oxidative stress [11]. Rats exposed systemically to rotenone exhibit evidence of ROS
accumulation, dopaminergic cell death, and the presence of aSyn-positive, Lewy-like
inclusions in the substantia nigra [12,13]. In contrast to rotenone, PQ is not a potent
complex I inhibitor (IC50 = 8.1 mM compared to 14 nM in the case of rotenone) [14].
Instead, PQ triggers oxidative stress through a REDOX cycling mechanism [15]. Namely,
cellular enzymes convert PQ from the dicationic form to the monocationic form, which
in turn reacts with oxygen to regenerate the dicationic form, resulting in the formation of
superoxide radicals.

Polyphenols are naturally occurring molecules in plants and fruits that have been
studied extensively for their potential therapeutic benefit in a number of diseases, includ-
ing mild cognitive impairment [16,17] and various neurodegenerative disorders [18–20].
Our group and others have shown that polyphenols can alleviate neurotoxicity in pre-
clinical models of PD, including flavonoids (a subclass of polyphenols) such as green tea
polyphenols [21–23], anthocyanins (ANC) [24–27], and isoflavones [28–30], as well as the
phenolic acid derivative curcumin [31] and stilbenes such as resveratrol and oxyresvera-
trol [24,32]. Polyphenols have been shown to protect against oxidative stress in a variety of
disease models by scavenging free radicals and up-regulating endogenous cytoprotective
responses [33,34]. Cellular mechanisms involved in polyphenol-mediated neuroprotec-
tion include activation of cellular antioxidant pathways, attenuation of mitochondrial
dysfunction, and amelioration of glial activation [18,20,24–26,28,29,35].

Epidemiological data suggest that a high intake of extracts enriched in various
flavonoids, including berry ANC (the glycosylated form of anthocyanidins) and PAC,
is associated with lower risk of PD [36,37]. Consistent with this idea, we found that various
ANC- and PAC-rich extracts protected cultured dopaminergic neurons against rotenone
toxicity to a greater extent than extracts enriched in other polyphenols, including phenolic
acids (PA) [24]. In the study described herein, we characterized the same panel of extracts,
as well as a new extract prepared from wild blueberries (BB) (Table 1), in terms of their
ability to mitigate PQ neurotoxicity, and we examined the underlying neuroprotective
mechanisms. Our results show that non-identical sets of extracts with overlapping polyphe-
nol profiles have protective activity against PQ- versus rotenone-mediated neurotoxicity,
suggesting that polyphenols (in particular, ANC, PAC, and stilbenes) mitigate dopaminer-
gic cell death elicited by these two PD-related insults by activating different combinations
of neuroprotective responses. Identifying mechanisms by which polyphenolic extracts
reduce neurotoxicity elicited by rotenone or PQ is an important step towards developing
tailored neuroprotective strategies to slow nigral degeneration in the brains of individuals
exposed to either toxic agent.
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Table 1. List of botanical extracts tested in this study.

Extract Botanical Source Major Polyphenols a

Black currant (BC) Ribes nigrum ANC, PAC, PA
Blueberry (BB) Vaccinium corymbosum ANC, PAC, PA

Wild BB Vaccinium angustifolium ANC, PAC, PA
Grape seed (GS) Vitis vinifera PAC, PA b

Grape skin (GSk) Vitis vinifera ANC, PAC, PA, S
Hibiscus Hibiscus sabdariffa ANC
Mulberry Morus alba S

Plum Prunus domestica ANC, PAC, PA
Purple basil (PB) Ocimum basilicum ANC, PA

a ANC, anthocyanin; PAC, proanthocyanidin; PA, phenolic acid; S, stilbene. b Predominantly gallic acid.

2. Materials and Methods
2.1. Materials

Unless otherwise stated, chemicals were obtained from Sigma Chemical Co.
(St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), penicillin/streptomycin, Lipofectamine 2000, Optimem, trypsin-EDTA, 4′, 6-diamidino-
2-phenylindole (DAPI), and LR Clonase II were obtained from Invitrogen (Carlsbad, CA,
USA). The dopaminergic N27 cell line was provided by Dr. Curt Freed (University of
Colorado). Human iPSC-derived astrocytes (iCell astrocytes) were obtained from Cellular
Dynamics International (CDI) (Madison, WI, USA). Pure malvidin-3-glucoside (M3G) and
cyanidin-3-sophoroside (C3So) were purchased from Carbomer Inc. (San Diego, CA, USA).
The Adeno-X™ qPCR Titration Kit (catalog# 632252) was obtained from Takara Bio USA
(San Jose, CA, USA). The vector pELFIN-Nrf2 was provided by Dr. Ning Li (UCLA) with
the permission of Dr. Jawed Alam (LSU Health Sciences Center).

2.2. Antibodies

The following antibodies were used in this study: chicken anti-MAP2 (catalog number
CPCA-MAP2, EnCor Biotechnology, Gainesville, FL, USA); rabbit anti-TH (catalog number
AB152, Millipore, Billerica, MA, USA); rabbit anti-Nrf2 (catalog number D1Z9C, Cell
Signaling Technology, Danvers, MA, USA); mouse anti-GFAP (catalog number 3670, Cell
Signaling Technology); and anti-rabbit IgG-Alexa Fluor 488, anti-mouse IgG-Alexa Fluor
647, and anti-chicken IgG-Alexa Fluor 594 (Invitrogen, Carlsbad, CA, USA).

2.3. Preparation of Botanical Extracts

Anthocyanin and proanthocyanidin-enriched extracts were prepared from cultivated
BB (Vaccinium corymbosum) (highbush), wild BB (Vaccinium angustifolium) (lowbush), plums
(Prunus domestica), blackcurrants (BC) (Ribes nigrum), grape skin (Vitis vinifera), and mul-
berry (Morus alba) as described [24]. The BB extracts in particular were analyzed by HPLC
and LC-MS to accurately quantify ANC and other diverse flavonoids characteristic of BB.
PAC were separated according to their degree of polymerization by normal phase-HPLC
with fluorescence detection, and peaks were quantified based on peak area measurements
with reference to a standard curve constructed with a procyanidin B2 dimer. Total phenolic
content was measured using the Folin-Ciocalteu assay, and results were expressed as gallic
acid equivalent (GAE) as described [24].

A grape seed (GS) extract (Vitis vinifera) was obtained from iBioCeuticals LLC (East-
ham, MA, USA) [24]. An extract was prepared from hibiscus (Hibiscus sabdariffa) using a
‘dark red’ source of the variety Vimto as described [24,38]. A purple basil (PB) extract (Oci-
mum basilicum) was prepared from field-grown basil variety Red Rubin (Johnny’s Selected
Seeds, Albion, ME, USA) at the Rutgers Agricultural Experiment Station (Pittstown, NJ,
USA) [38–40].

For cell culture experiments, the hibiscus extract, resveratrol, M3G, and C3So were
dissolved in dimethyl sulfoxide (DMSO). The purple basil and mulberry extracts were
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dissolved in 50% DMSO/ethanol (v/v). The plum extract was dissolved in 30% (v/v)
ethanol. All other extracts were dissolved in water.

2.4. Preparation of Rat Primary Cultures

Primary cultures were prepared via dissection of E17 embryos obtained from pregnant
Sprague–Dawley rats (Harlan, Indianapolis, IN, USA) as described [24–26,29]. All animal
handling procedures were approved by the Purdue Animal Care and Use Committee. To
prepare mesencephalic cultures, the midbrain region containing the substantia nigra and
ventral tegmental area was isolated stereoscopically, and the cells were dissociated with
trypsin (final concentration, 26 µg/mL in 0.9% [w/v] NaCl) or papain (final concentration,
20 U/mL in Hank’s Balanced Salt Solution (HBSS) supplemented with 10 mM HEPES,
100 mM sodium pyruvate, penicillin (50 U/mL), streptomycin (50 µg/mL), 1.1 mM EDTA,
and 5.5 mM cysteine-HCl). For experiments that involved analysis of neuroprotective
activity, the dissociated cells were plated in a 48-well plate (pretreated with poly-L-lysine,
5 µg/mL) at a density of 163,500 cells per well in midbrain culture media, consisting of
DMEM, 10% (v/v) FBS, 10% (v/v) horse serum, penicillin (10 U/mL), and streptomycin
(10 µg/mL). Five days after plating, the cells were treated with cytosine arabinofuranoside
(AraC) (20 µM, 48 h) to inhibit the proliferation of glial cells. At this stage (7 days in vitro
(DIV)), ~10–20% of the total cell population consisted of neurons that appeared differenti-
ated with extended processes. For experiments that involved monitoring the activation
of the Nrf2 pathway using the ARE-EGFP reporter in midbrain astrocytes, the dissociated
cells were plated in a 96-well, black clear-bottom plate (pretreated with poly-L-lysine,
10 µg/mL) at a density of 81,750 cells per well in midbrain culture media. After 5 DIV, the
cultures were treated with AraC (20 µM, 72 h) before initiating experimental treatments.

For analyses of cell type-specific Nrf2 or EGFP expression, a cell suspension prepared
using papain was plated in a 48-well plate (pretreated with poly-D-lysine, 5 µg/mL) at a
density of 100,000 cells per well in media containing Neurobasal, 2% (v/v) B-27 supple-
ment, 5% (v/v) FBS, Glutamax, penicillin (10 U/mL), and streptomycin (10 µg/mL). The
next day, the plating media was removed and replaced with complete Neurobasal media
supplemented with B-27 and Glutamax but lacking FBS. The neurons were maintained in
this media for 6 additional days. At this stage (7 DIV), ~50% of the total cell population
consisted of neurons that appeared differentiated with extended processes.

To prepare enriched astrocytic cultures, the cortical region of brains from E17 rat
embryos was isolated stereoscopically, and the cells were dissociated with trypsin (final
concentration, 26 µg/mL in 0.9% [w/v] NaCl). The cells were plated at a density of
~5 million cells in a 100 cm2 flask (pretreated with rat collagen, 25 µg/mL) in media
consisting of DMEM, 10% (v/v) FBS, 10% (v/v) horse serum, penicillin (10 U/mL), and
streptomycin (10 µg/mL). Two days after plating, the flask contained attached clusters
of cells (mostly astrocytes with few neurons) and unattached cells (mostly neurons). To
obtain a highly enriched population of astrocytes, the conditioned media was removed
and replaced with fresh media. The media was replaced every two days until most of the
astrocytes had spread out on the plate (generally after 7 DIV). The astrocyte-rich culture
was passaged once and then plated in a 96-well, black clear-bottom plate (pretreated
with poly-L-lysine, 10 µg/mL) at a density of 5000 cells per well before being used for
experiments.

2.5. Adenovirus Preparation

An adenoviral vector encoding Nrf2 under the control of the CMV promoter was
prepared using the Gateway cloning method (Invitrogen). The mouse Nrf2 gene was
amplified from the template pELFIN-Nrf2 by PCR and subcloned as a KpnI-XhoI fragment
into pENTR1a to generate pENTR-Nrf2. The Nrf2 DNA insert in pENTR-Nrf2 was trans-
ferred into the adenoviral expression vector pAD-CMV-DEST via recombination using the
recombinase LR Clonase II, yielding pAD-CMV-Nrf2.
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An adenoviral vector encoding EGFP under the control of the CMV promoter was
generated by transferring the EGFP DNA insert from pENTR-EGFP [41] into pAD-CMV-
DEST via recombination using LR Clonase II, yielding pAD-CMV-EGFP.

The sequence of the DNA insert in each adenoviral construct was verified via Sanger
sequencing (Purdue University or Genewiz). Adenoviral vectors were packaged into virus
via lipid-mediated transient transfection of the HEK293A packaging cell line. Amplified
viral stocks were aliquoted and stored at −80 ◦C until use, and viral titers were determined
using the Adeno-X™ qPCR Titration Kit.

2.6. Analysis of Neuroprotective Activity in Primary Midbrain Cultures

Neuroprotective activities of botanical extracts and compounds were assessed as
described previously [24–26,29]. Briefly, primary midbrain cultures (7 DIV) were incubated
in the presence of extract or compound (or the corresponding vehicle) for 72 h. Next, the
cultures were incubated in fresh media containing PQ (2.5 µM) or rotenone (25 nM) plus
extract, compound, or vehicle for an additional 24 h. Control cultures were incubated in
media without PQ, extract, or compound.

For experiments aimed at determining effects of Nrf2 expression on PQ neurotoxicity,
primary midbrain cultures were incubated in the absence or presence of adenovirus en-
coding untagged mouse Nrf2 at an MOI adjusted to achieve an ~1.5-fold increase in Nrf2
transcriptional activity (as measured by the ARE-EGFP reporter assay described below)
for 72 h. Next, the cultures were incubated in fresh media containing PQ (2.5 µM) for an
additional 24 h. Control cultures were incubated in media without virus or PQ.

Treated cultures were fixed, permeabilized, blocked, and incubated with primary
antibodies specific for MAP2 (chicken, 1:2000) and TH (rabbit, 1:500) for 48 h at 4 ◦C. After
washing with PBS (10 mM Na2HPO4, 1.76 mM KH2PO4, 136 mM NaCl, 2.7 mM KCl, pH
7.4), the cells were incubated with a goat anti-chicken antibody conjugated to Alexa Fluor
594 and a goat anti-rabbit antibody conjugated to Alexa Fluor 488 (each at 1:1000) for 1 h at
22 ◦C. Prolong gold antifade reagent with DAPI was applied to each culture well, before
sealing with a coverslip.

Relative dopaminergic cell viability was assessed by counting MAP2- and TH-
immunoreactive neurons using a Nikon TE2000-U inverted fluorescence microscope (Nikon
Instruments, Melville, NY, USA) with a 20× objective. The investigator responsible for
counting the cells was blinded to the sample identities. A minimum of 10 random fields
of view were selected, and approximately 500 to 1000 MAP2+ neurons were counted per
experiment for each treatment. Each experiment was conducted at least 3 times using
embryonic cultures prepared from different pregnant rats. The data were expressed as the
percentage of MAP2+ neurons that were also TH+ (this ratiometric approach was used to
account for variations in cell plating density).

2.7. Nrf2 Transcriptional Activity Assay

An adenovirus encoding EGFP downstream of the SX2 (E1) enhancer and minimal
promoter derived from the mouse heme oxygenase-1 (HO-1) gene [42–44] was prepared
and used to monitor activation of the Nrf2 pathway in cortical astrocytic cultures and
primary midbrain cultures as described [25,26,29]. Cells plated in a 96-well, black clear-
bottom plate (see above) were transduced with ARE-EGFP reporter virus at an MOI of
6.25 twenty-four hours after plating (astrocytes), or at an MOI of 10 seven days after plating
(midbrain cultures). After 48 h, the cells were washed once with HBSS and incubated in
fresh media supplemented with extract or vehicle for 24 h. Control cells were transduced
with the ARE-EGFP virus for 48 h and then incubated in fresh media for another 24 h, in
the absence of extract (negative control) or in the presence of curcumin (5 µM) (positive
control). The cells were imaged for GFP fluorescence using an automated Cytation 3 Cell
Imaging Reader (BioTek Instruments, Winooski, VT, USA) equipped with a 4× objective.
To quantify EGFP fluorescence, regions of interest (ROIs) were generated by the Gen5
2.05 data analysis software (BioTek) based on the cellular size range (20 to 400 µm) and
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a designated fluorescence intensity threshold. For each experiment, the threshold was
adjusted so that the number of ROIs above the threshold in the curcumin-treated culture
was 5- to 8-fold greater (or the overall EGFP fluorescence intensity was 1.5- to 2.5-fold
greater) than that in the negative-control culture. Next, the cultures were fixed using 4%
(v/v) PFA and incubated with the nuclear stain DAPI (300 nM) for 10 min at 37 ◦C. The
cells were imaged for DAPI fluorescence using the Cytation 3 Cell Imaging Reader, and
ROIs were generated by the Gen5 2.05 software based on a size range of 5 to 20 µm. The
fluorescence intensity threshold was set so that most of the nuclei stained with DAPI were
included among the detected ROIs. The number of ROIs for EGFP was divided by the total
cell number (ROIs obtained from DAPI fluorescence) for each treatment and normalized to
the control value to obtain a fold-change value.

Additional experiments were carried out with human iCell astrocytes produced at
CDI (Madison, WI, USA) by differentiating an iPSC line that was reprogrammed from
fibroblasts obtained from an apparently healthy female individual without known PD-
related mutations [25,26,29]. iCell astrocytes were plated at a density of 10,000 cells per well
on a 96-well, black clear-bottom plate (pretreated with laminin, 10 µg/mL) in DMEM/F12,
HEPES media supplemented with 2% (v/v) FBS and 1% (v/v) N-2 supplement. After 24 h,
the cells were transduced with the ARE-EGFP reporter virus at an MOI of 25. The cells were
incubated and analyzed as outlined above, except that after the 24 h incubation in fresh
media, the cells were incubated in the presence of Hoechst nuclear stain (2 µg/mL in HBSS)
for 15 min at 37 ◦C, washed in HBSS, and imaged for EGFP and Hoechst fluorescence in
HBSS at 37 ◦C. To quantify Hoechst fluorescence, ROIs were generated by the software
based on a size range of 10 to 40 µm. The fluorescence intensity threshold was set so that
most of the nuclei stained with Hoechst were included among the detected ROIs. The
number of ROIs for EGFP was divided by the total number of ROIs obtained from Hoechst
fluorescence for each treatment and normalized to the control value.

2.8. Assessment of Cell Type Specificity of Gene Expression Mediated by the CMV Promoter

Primary midbrain cultures (DIV 7) were incubated in the absence or presence of
adenovirus encoding Nrf2, EGFP, or LacZ [41] under the control of the CMV promoter
at an MOI of 5 or 10 for 72 h. Next, the cultures were incubated in fresh media with or
without the proteasome inhibitor epoxomicin (50 nM) for an additional 24 h. The cultures
were then fixed, permeabilized, blocked, and incubated with primary antibodies specific
for MAP2 (chicken, 1:1000), Nrf2 (rabbit, 1:200), and/or GFAP (mouse, 1:250) for 24 h at
4 ◦C (cultures transduced with EGFP virus were only incubated with primary antibodies
specific for MAP2 and GFAP). After washing with PBS, the cells were incubated with a goat
anti-chicken antibody conjugated to Alexa Fluor 594, a goat anti-rabbit antibody conjugated
to Alexa Fluor 488, and a goat anti-mouse antibody conjugated to Alexa Fluor 647 (each at
1:1000) for 1 h at 22 ◦C (cultures transduced with EGFP virus were only incubated with
anti-chicken and anti-mouse secondary antibodies). The stained cultures were analyzed
using a Nikon A1 confocal microscope with a 10× objective to assess the cell type-specificity
of Nrf2 or EGFP expression.

2.9. O2 Consumption Assay

N27 cells were grown in glucose-free RPMI 1640 media supplemented with 10% (v/v)
FBS, 10 mM HEPES, 10 mM galactose, 2 mM glutamine, 1 mM sodium pyruvate, 100 U/mL
penicillin, and 100 µg/mL streptomycin. The cells were plated on a 10 cm dish at a density
of 500,000 cells/plate. After 24 h, the cells were treated with botanical extract or vehicle
for 21 h and then incubated with 50 nM rotenone (with extract or vehicle) for 3 h. The
cells were harvested via centrifugation at 700× g (10 min, 4 ◦C) and resuspended in O2
consumption buffer (20 mM HEPES, pH 7.2). Cellular respiration was measured using a
Clark-type oxygen electrode attached to a voltmeter (Digital Model 10 Controller, Rank
Brothers, Ltd., Cambridge, UK). The electrode was allowed to stabilize in O2 consumption
buffer at 37 ◦C for 30 min to ensure air saturation. To normalize the background current, the
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voltmeter was set to zero using a polarizing voltage of 0.60 V. An aliquot of 1.5 × 106 cells
was loaded into the respiration chamber, where the sensitivity control was set to 1 V. This
setting corresponded to 100% of the O2 concentration (0.21 mM) in the air-saturated reaction
medium before the start of respiration. The sample was continuously stirred at 840 rpm
using a magnetic stir bar located inside the chamber. Using the Pico Technology software
program (PicoTechnology, Ltd., Cambridgeshire, UK; www.picotech.com), the O2 level
remaining in the chamber at any time during respiration was automatically logged (with
10 s intervals) as a voltage, VO2, corresponding to the voltage generated by the reaction
of O2 with the electrode. The voltage decreased progressively as O2 was consumed. Data
were plotted as percent of O2 consumed after 500 s.

2.10. Statistical Analysis

Data from measurements of primary neuron viability, ARE-EGFP fluorescence, and
mitochondrial O2 consumption were analyzed via one-way ANOVA with Tukey’s multiple
comparisons post hoc test using GraphPad Prism version 8.0 (La Jolla, CA, USA). Prior to
performing these ANOVA analyses, the data were subjected to a square root transformation
(neuron viability data) or log transformation (fluorescence and O2 consumption data) to
conform to ANOVA assumptions. For measurements of ARE-EGFP fluorescence, fold-
change values were log-transformed, and the transformed data were analyzed using
GraphPad Prism 8.0 via a one-sample t-test to determine whether the mean of the log
(fold-change) was different from the hypothetical value of 0 (corresponding to a ratio of 1).
The ‘n’ values specified in the figure legends represent the number of biological replicates
(i.e., independent experiments involving cultures prepared at different times). Differences
among groups were assumed to be statistically significant when the p-value was less
than 0.05.

3. Results
3.1. Neuroprotective Activities of ANC-Rich Extracts

In an initial set of experiments, we tested ANC-rich extracts prepared from BB (high-
bush), wild BB (lowbush), BC (R. nigrum), or PB (O. basilicum) for the ability to alleviate
PQ neurotoxicity. The polyphenolic compositions of the BB, BC, and PB extracts were
reported in an earlier paper from our group [24], whereas the wild BB extract (prepared as
a flavonoid-rich extract) was characterized in this study. HPLC analyses revealed that the
wild BB extract contained 33.6 mg/g polyphenols, and the ANC:PAC:PA mass ratio was
approximately 60:25:15. The distribution of ANC in the extract was similar to that deter-
mined for the highbush BB extract, and the ANC profiles for both extracts (as well as the PB
extract [39]) were substantially more complex than that of the BC extract (Supplementary
Tables S1 and S2) [24].

To monitor the effects of the extracts on PQ-induced dopaminergic cell death, primary
midbrain cultures were pre-treated with each extract or vehicle and then exposed to PQ.
The cultures were stained for tyrosine hydroxylase (TH, a marker of dopaminergic neurons)
and microtubule associated protein 2 (MAP2, a general neuronal marker), and relative
dopaminergic cell survival was assessed by determining the percentage of MAP2+ neurons
that also stained positive for TH. We found that cultures treated with PQ plus BB, wild BB,
or BC extract (but not PB extract) had a higher percentage of dopaminergic neurons than
cultures treated with PQ alone (Figure 1A–E). Additionally, the BB extract showed a trend
towards inducing an increase in dopaminergic cell viability even when it was removed
from the cultures 6 h prior to the addition of PQ, suggesting that the extract did not merely
mitigate neurotoxicity by blocking the entry of PQ into the cells (Figure 1B). Collectively,
these data suggest that some (but not all) ANC-rich extracts can interfere with PQ-mediated
neuronal cell death in primary midbrain cultures. Moreover, the bioactivity of a given
extract is dependent not only on the ANC concentration, but also on the types of phenolics
in the extract.
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Figure 1. Polyphenol-enriched extracts with different ANC profiles have different abilities to protect
against PQ neurotoxicity. Primary midbrain cultures incubated in the absence or presence of extract
prepared from BB (A); wild BB (C); BC (D); or PB (E) for 72 h were exposed to PQ (2.5 µM) in the
absence or presence of extract for 24 h. Alternatively, cultures incubated in the absence or presence
of a BB extract (0.1 µg/mL) for 66 h were incubated in fresh media (minus extract) for 6 h and then
exposed to PQ (2.5 µM) in the absence of extract for 24 h (B). Control cells were incubated in the
absence of PQ or extract. The cells were stained with antibodies specific for MAP2 and TH and scored
for relative dopaminergic cell viability. The data are presented as the mean ± SEM; n = 4 (A,D,E),
n = 5 (B), or n = 6 (C); * p < 0.05, ** p < 0.01, **** p < 0.0001, square root transformation, one-way
ANOVA with Tukey’s multiple comparisons post hoc test (ns, not significant). In panels (B,D,E),
a statistically significant neuroprotective effect is observed for cultures treated with BB (B) or BC
(1 µg/mL; (D)) plus PQ versus PQ alone, and a significant neurotoxic effect is observed for cultures
treated in the presence versus the absence of PQ (E), when the square root-transformed data are
analyzed via ANOVA with the Newman-Keuls post hoc test (p ≤ 0.05).
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3.2. Neuroprotective Activities of Extracts Rich in PAC and PA

Next, we tested a GS extract enriched in PAC and the PA gallic acid, as well as a plum
extract with a polyphenol content of ~65% PAC and ~35% PA along with small amounts
of ANC (Supplementary Table S2) [24]. We reasoned that comparing the neuroprotective
activities of the GS and plum extracts should reveal the relative importance of PAC and PA
in alleviating PQ neurotoxicity. An increase in dopaminergic neuron survival was observed
in midbrain cultures treated with PQ plus either extract compared to cultures exposed to
PQ alone (Figure 2A,B). To further evaluate the contribution of PA in the plum extract, we
tested a PA derivative, curcumin. We found that the percentage of dopaminergic neurons
in cultures exposed to PQ in the presence of curcumin was significantly higher than in
cultures exposed to PQ alone (Figure 2C). Overall, these data suggest that PAC and PA
have protective effects against PQ neurotoxicity.
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Figure 2. Extracts enriched with PAC or PA protect against PQ neurotoxicity. Primary midbrain
cultures incubated in the absence or presence of a GS extract (A); plum extract (B); or curcumin (C)
for 72 h were exposed to PQ (2.5 µM) in the absence or presence of extract or compound for 24 h.
Control cells were incubated in the absence of PQ, extract, or compound. The cells were stained
with antibodies specific for MAP2 and TH and scored for relative dopaminergic cell viability. The
data are presented as the mean ± SEM; n = 3 (B,C) or n = 5 (A); * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001, square root transformation, one-way ANOVA with Tukey’s multiple comparisons post
hoc test (ns, not significant).
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3.3. Neuroprotective Activities of Stilbene-Rich Extracts

Stilbenes such as resveratrol and oxyresveratrol have been studied for their neuro-
protective activities in preclinical models of neurodegenerative diseases [24,32]. In this
study, we tested a mulberry extract rich in oxyresveratrol and a grape skin (GSk) extract
rich in resveratrol [24], as well as pure resveratrol, for their ability to mitigate PQ-induced
dopaminergic cell loss. We found that midbrain cultures treated with PQ plus the mulberry
or GSk extract or pure resveratrol had a higher relative number of dopaminergic neurons
compared to cultures treated with PQ plus vehicle (Figure 3A–C). Together, these data
suggest that stilbene-rich extracts and resveratrol are protective against PQ neurotoxicity.
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Figure 3. Stilbene-rich extracts alleviate PQ neurotoxicity. Primary midbrain cultures incubated in
the absence or presence of a mulberry extract (A); GSK extract (B); or resveratrol (10 nM) (C) for 72 h
were exposed to PQ (2.5 µM) in the absence or presence of extract or compound for 24 h. Control cells
were incubated in the absence of PQ, extract, or compound. The cells were stained with antibodies
specific for MAP2 and TH and scored for relative dopaminergic cell viability. The data are presented
as the mean± SEM; n = 4 (A,C) or n = 5 (B); * p < 0.05, ** p < 0.01, square root transformation, one-way
ANOVA with Tukey’s multiple comparisons post hoc test (ns, not significant).
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3.4. Neuroprotective Activities of Individual ANC

Because ANC-rich BB and BC extracts protected dopaminergic neurons against PQ
neurotoxicity, we next tested the effects of individual ANC. We assessed two commercially
available ANC, cyanidin-3-sophoroside (C3So) and malvidin-3-glucoside (M3G), and two
ANC isolated from a BC extract by HPLC, cyanidin-3-glucoside (C3G) and delphinidin-
3-glucoside (D3G), for the ability to protect against PQ neurotoxicity. We found that
midbrain cultures treated with PQ plus C3G, D3G and M3G, but not C3So, exhibited higher
dopaminergic cell viability than cultures treated with PQ alone (Figure 4A–D). Additionally,
we tested a hibiscus extract that primarily consists of two ANC, cyanidin-3-O-sambubioside
(C3Sa) and delphinidin-3-O-sambubioside (D3Sa) [24]. Interestingly, the hibiscus extract
failed to attenuate dopaminergic cell death in primary midbrain cultures exposed to PQ
(Figure 4E). Collectively, these data suggest that some (but not all) individual ANC can
protect against PQ neurotoxicity.
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Figure 4. Individual ANC (but not a hibiscus extract) protect against PQ neurotoxicity. Primary
midbrain cultures incubated in the absence or presence of C3G (A); D3G (B); M3G (C); C3So (D); or a
hibiscus extract (E) for 72 h were exposed to PQ (2.5 µM) in the absence or presence of compound
or extract for 24 h. Control cells were incubated in the absence of PQ, compound, or extract. The
cells were stained with antibodies specific for MAP2 and TH and scored for relative dopaminergic
cell viability. The data are presented as the mean ± SEM; n = 3 (E), n = 4 (A–C), or n = 5 (D):
* p < 0.05, ** p < 0.01, *** p < 0.001, square root transformation, one-way ANOVA with Tukey’s
multiple comparisons post hoc test (ns, not significant).
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3.5. Selective Protective Activity of Extracts against Neurotoxicity Elicited by PQ versus Rotenone

In a previous study, we characterized the extracts examined here in terms of protective
effects against neurotoxicity elicited by rotenone in primary midbrain cultures [24]. A
comparison of the data obtained here and in our earlier study revealed that some extracts
exhibited selective neuroprotective activity against toxicity elicited by PQ or rotenone. For
example, the hibiscus extract alleviated dopaminergic cell death in cultures exposed to
rotenone, but not PQ, whereas the plum extract protected against neurotoxicity elicited by
PQ, but not rotenone. To confirm this selectivity in neuroprotective effects against different
PD-related insults, we re-tested the hibiscus and plum extracts using the same cell culture
preparations exposed to PQ or rotenone in parallel. The rotenone concentration used in
this study was 25 nM as opposed to the concentration of 100 nM used in our previous
study [24] because we found that the lot of rotenone used here yielded a more consistent
level of neurotoxicity at the lower concentration. The data showed that the plum extract mit-
igated neurotoxicity elicited by PQ, while only showing a trend towards protecting against
dopaminergic neuron loss induced by rotenone, whereas the hibiscus extract mitigated
dopaminergic cell death in cultures exposed to rotenone, but not PQ (Supplementary Figure
S1). Collectively, these results indicate that some polyphenol-rich extracts have selective
protective activity against neurotoxicity elicited by PQ versus rotenone.

3.6. Effects of Botanical Extracts on Nrf2 Transcriptional Activity

Nrf2 is a redox-responsive transcription factor responsible for regulating the expres-
sion of cellular antioxidant proteins [45]. Multiple lines of evidence suggest that polyphe-
nols modulate Nrf2 transcriptional activity [25,26,29,46,47]. Because PQ and rotenone are
both thought to elicit neurotoxicity by eliciting oxidative stress, we hypothesized that at
least a subset of botanical extracts might protect dopaminergic neurons against PD-related
toxins by activating the Nrf2-mediated antioxidant response. Given that Nrf2 is predomi-
nantly expressed in astrocytes [48,49], we assessed the effects of botanical extracts on Nrf2
transcriptional activity in primary cortical astrocytes using an EGFP-based reporter assay.
The assay involves transducing cells with adenovirus harboring a plasmid (pAd-ARE-
EGFP-TKpolyA) encoding EGFP under the control of an enhancer with two AREs that
serve as Nrf2 binding sites. Thus, an increase in Nrf2 transcriptional activity is detected
as an increase in cellular EGFP fluorescence in the transduced cells. Transduced cortical
astrocytes treated with curcumin (10 µM), a known Nrf2 activator that serves as a positive
control in the reporter assay [25,26,29,47], showed a 5 to 8-fold increase in EGFP fluores-
cence intensity compared to control cells. Cortical astrocytes treated with extract prepared
from BB, wild BB, or GSk, or with the individual ANC C3G, D3G, or M3G, showed a ~1.3
to 2.0-fold increase in EGFP fluorescence relative to control levels (Figure 5). Similar results
were obtained in human iPSC-derived (iCell) astrocytes transduced with the reporter virus
and treated with BB extract or M3G (Supplementary Figure S2). In contrast, an increase in
EGFP fluorescence was not observed in cells treated with BC, PB, GS, plum, mulberry, or
hibiscus extract (Supplementary Figure S3). Primary midbrain cultures transduced with
adenovirus encoding Nrf2 under the control of the CMV promoter (at an MOI adjusted to
achieve an ~1.5-fold increase in Nrf2 transcriptional activity, as measured by the ARE-EGFP
reporter assay) showed a decrease in PQ-induced dopaminergic neuron death compared to
untransduced cultures (Figure 6). Additional experiments revealed that gene expression
mediated by the CMV promoter on the Nrf2 adenoviral vector and another Ad-CMV
vector encoding EGFP occurred selectively in astrocytes (as opposed to neurons) in our
mixed midbrain cultures (Supplementary Figure S4). Collectively, these data suggest that
a subset of polyphenols in our panel of extracts alleviate PQ neurotoxicity by activating
Nrf2-mediated transcription in astrocytes.
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Figure 5. A subset of botanical extracts and all of the tested ANC increase Nrf2 transcriptional activity.
Primary cortical astrocytes transduced with an ARE-EGFP reporter adenovirus for 48 h were incubated
in the absence or presence of BB extract (A); wild BB extract (B); GSK extract (C); C3G (D); D3G (E);
or M3G (F) for 24 h. Control astrocytes were transduced with the reporter virus and incubated in
the absence of extract or compound. The cells were imaged to determine the intracellular EGFP
fluorescence intensity. The data are presented as the mean ± SEM (fold change relative to control);
n = 4 (B,C) or n = 6 or 7 (A,D,E,F); * p < 0.05, ** p < 0.01, *** p < 0.001 versus a predicted ratio of 1, log
transformation followed by one-sample t-test (ns, not significant).
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Figure 6. Nrf2 over-expression is sufficient for protection against PQ neurotoxicity. Primary midbrain
cultures (untransduced or transduced with adenovirus encoding untagged mouse Nrf2) were incu-
bated with PQ (2.5 µM). Control cells were incubated in the absence of virus or PQ. The cells were
stained with antibodies specific for MAP2 and TH and scored for relative dopaminergic cell viability.
The data are presented as the mean ± SEM; n = 3; * p < 0.05, *** p < 0.001, square root transformation,
one-way ANOVA with Tukey’s multiple comparisons post hoc test.

3.7. Effects of Botanical Extracts on Mitochondrial Respiration

Next, we tested a subset of botanical extracts for the ability to rescue rotenone-induced
defects in mitochondrial respiration. Data from several studies suggest that polyphe-
nols and polyphenol-rich extracts can attenuate mitochondrial dysfunction [24,26,29,50].
Rotenone elicits neurotoxicity by interfering with mitochondrial electron transport via
complex I inhibition [11], whereas PQ triggers a build-up of cytosolic ROS through a redox
cycling mechanism [15]. Thus, PQ would be expected to have a less pronounced deleterious
effect on mitochondrial function compared to rotenone, although a sufficiently high build-
up of cytosolic ROS induced by PQ would be expected to ultimately cause mitochondrial
impairment. Based on these considerations, we hypothesized that extracts with protective
activity against rotenone neurotoxicity might rescue rotenone-mediated mitochondrial
dysfunction in neurons, as a complementary mechanism to the activation of Nrf2-mediated
transcription in astrocytes. To address this hypothesis, we measured rates of cellular O2
consumption (a readout of mitochondrial respiration) using the N27 rat dopaminergic
neuronal cell line. The cells were maintained in galactose media to avoid the ‘Crabtree
effect’, a phenomenon wherein cells grown in high-glucose media bypass mitochondrial
metabolism by using glycolysis as an alternative mode of energy production, thereby
becoming resistant to toxicity elicited by inhibitors of mitochondrial function [26,29,51].
Galactose-conditioned N27 cells exhibited a pronounced loss of viability when exposed to
rotenone at low nanomolar concentrations (similar to the concentration used in primary
midbrain cultures), whereas cells cultured in high-glucose media were unaffected under
these conditions. Galactose-conditioned N27 cells treated with rotenone for 3 h showed
a 50% reduction in cellular O2 consumption, and this decrease was mitigated by extracts
prepared from PB, GSk, and hibiscus, but not plums (Figure 7). These data indicate that a
subset of polyphenol-rich extracts that protect against rotenone neurotoxicity in primary
midbrain cultures alleviate rotenone-induced mitochondrial dysfunction.
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Figure 7. A subset of botanical extracts alleviate rotenone-induced deficits in mitochondrial res-
piration. Galactose-conditioned N27 cells were incubated in the absence or presence of an extract
prepared from PB (A); plums (B); GSK (C) or hibiscus (D) for 21 h and then exposed to rotenone
(50 nM) in the absence or presence of extract for 3 h. Control cell were incubated in the absence of
rotenone or extract. Oxygen consumption was measured with a Clark-type oxygen electrode attached
to a voltmeter. The data are presented as the mean ± SEM; n = 3 (A,B,D) or n = 4 (C); * p < 0.05,
** p < 0.01, log transformation, one-way ANOVA with Tukey’s multiple comparisons post hoc test.

4. Discussion

In this study, we characterized botanical extracts enriched in different polyphenols for
their protective activity against PQ neurotoxicity in primary midbrain cultures. Because
the cultures are composed of post-mitotic dopaminergic and non-dopaminergic neurons as
well as glial cells, similar to the midbrain region affected in the brains of PD patients, they
serve as an excellent cellular model of neurodegeneration in PD. Moreover, our approach
of monitoring Nrf2 signaling in pure astrocytic cultures and O2 consumption in galactose-
conditioned N27 dopaminergic neuronal cells enabled us to interrogate neuroprotective
mechanisms in relevant cell models. By comparing the data obtained in this study with the
results of a previous study involving a rotenone model of neurotoxicity [24], we were able
to identify polyphenol-rich extracts with neuroprotective activity against either or both
PD-related insults.
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4.1. ANC- and PAC-Rich Extracts Protect Dopaminergic Neurons against PQ Neurotoxicity

An important outcome of this study was our finding that ANC-rich extracts prepared
from BB, wild BB, and BC protected dopaminergic neurons against PQ toxicity. These
results are consistent with previous data showing that an ANC-rich extract prepared from
Amelanchier arborea by our group [25] or from Aronia melanocarpa by Zimmerman and
colleagues [52] alleviates PQ neurotoxicity in cell culture. Here, we observed that the
BB and wild BB extracts protected dopaminergic neurons against PQ toxicity at ~10 to
~1000-fold lower concentrations compared to the BC extract. This result is surprising
given the markedly higher total ANC content of the BC extract [24] but presumably can
be attributed to the different ANC profiles of the three extracts. HPLC analysis revealed
that the BB and wild BB extracts contained at least 17 and 18 different ANC, respectively,
compared to only 4 ANC in the BC extract (Supplementary Tables S1 and S2). Synergism
among different ANC [53] could contribute to the more potent neuroprotective activity
of the BB and wild BB extracts. Additionally, the two BB extracts (but not the BC extract)
contained a considerable amount of PA (i.e., chlorogenic acid) that could also contribute to
the extract’s neuroprotective activity.

In contrast to the BB, wild BB, and BC extracts, an ANC-rich PB extract failed to protect
dopaminergic neurons against PQ neurotoxicity. Interestingly, the predominant ANC in
the PB extract, malonyl and coumaryl glycoside derivatives of cyanidin and peonidin [39],
were absent from the BB, wild BB, and BC extracts (Supplementary Tables S1 and S2) [24].
Thus, we infer that differences in the protective activities of the BB, wild BB, BC, and PB
extracts against PQ neurotoxicity could reflect differences in their total ANC content, ANC
profiles, and/or distribution of other polyphenols (e.g., PAC and other flavonoids) that
were below the detection limit of our RP-HPLC analysis [24].

We also found that PAC-rich GS and plum extracts protected against PQ-induced
neurotoxicity. Consistent with this observation, a PAC-rich extract prepared from the peels
of the avocado Persea americana (var. Colinred) showed apparent neuroprotective effects
(resulting in improved locomotor function and extended life span) in a Drosophila model
of PQ exposure [54]. Data from other studies suggest that monomeric PACs including
epicatechin and (-)-epigallocatechin-3-gallate can attenuate PQ-induced neurotoxicity in cell
culture and Drosophila models [55,56]. The relative in vivo potencies of the PAC-rich extracts
examined here likely depend on their PAC profiles and the relative amounts/identities of
monomeric versus polymeric PAC in the extracts, given evidence that (i) monomeric PAC
have greater protective activity than polymeric PAC against toxicity elicited by PD-related
insults [21,57], and (ii) monomeric PAC metabolites in their glucuronidated forms have
greater brain bioavailability compared to polymeric PAC [58,59].

4.2. Stilbene-Rich Extracts Protect against PQ Neurotoxicity

We observed that a mulberry extract rich in oxyresveratrol, a GSk extract rich in
resveratrol, and pure resveratrol protected against PQ neurotoxicity. The concentration of
resveratrol in the diluted GSk extract that showed neuroprotective activity (~5 nM) was
similar to that in the pure compound solution (10 nM) [24], suggesting that resveratrol
accounted for a major part of the extract’s ability to alleviate PQ-induced dopaminergic
cell death. These results are consistent with previous data showing that (i) a stilbenoid
isolated from extracts of Lespedeza bicolor mitigated PQ neurotoxicity in cell culture [60]; and
(ii) that resveratrol alleviated oxidative stress in the brains of PQ-treated mice, resulting in
improved motor function [61]. Based on these data and previous findings suggesting that
resveratrol can penetrate the blood-brain barrier (BBB) [32,62], we infer that stilbenes or
their metabolites may slow neurodegeneration in the brains of animals or humans exposed
to PQ.

4.3. A Subset of Individual ANC Protect against PQ Neurotoxicity

We found that four individual ANC—C3G, D3G, M3G, and C3So—protected against
PQ neurotoxicity in our primary midbrain culture model. Three of these molecules (C3G,
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D3G, and M3G) were constituents of the BB and wild BB extracts, and C3G and D3G were
also present in the BC extract. The lowest concentration of ANC at which we observed
neuroprotective activity (0.05 µg/mL, in the case of D3G) was ~900-fold higher than the
concentration of total ANC in the diluted BB extract (at 0.01 µg/mL) [24]. These results
substantiate the idea that synergistic interactions among multiple ANC in the BB extract
produced an overall neuroprotective capacity that was substantially greater than the sum
of the individual ANC activities [53].

Our observation that the PB and hibiscus extracts failed to interfere with PQ neurotox-
icity suggests that the malonyl and p-coumaryl glycoside derivatives of cyanidin that are
abundant in the PB extract [39], as well as the sambubioside derivatives of cyanidin and
delphinidin in the hibiscus extract [38], lack neuroprotective activity. Collectively, these
data suggest that the acylated sugar moiety attached to the anthocyanidin core plays an
important role in the ability of ANC to alleviate PQ neurotoxicity. The data presented here
are likely relevant to neuroprotection in vivo given that intact anthocyanidin glycosides
have been detected in the brains of rats and pigs fed with ANC-rich diets [63–65].

4.4. Different Extracts Have Different Neuroprotective Activities against PQ versus Rotenone

Previously, we reported that extracts prepared from BB, BC, GS, mulberry, and hibiscus
(enriched in ANC, PAC, PA, and/or stilbenes—Table 1) protected against dopaminergic
cell death caused by the PD-related neurotoxin, rotenone [24]. In the current study, we
showed that all but one of these extracts (i.e., prepared from BB, BC, GS, or mulberry, but
not hibiscus) also alleviated PQ neurotoxicity (Table 2) [24]. Moreover, we recently showed
that an extract prepared from Amelanchier arborea interfered with dopaminergic cell death
elicited by either PD-related insult [25]. Extracts that alleviate neurodegeneration caused
by PQ or rotenone are strong candidates to reduce the risk of PD because they could poten-
tially antagonize multiple neurotoxic phenomena in the brains of individuals chronically
exposed to either or both of these agrichemicals. In contrast, our observation that the PB
extract failed to mitigate neurotoxicity elicited by either PQ or rotenone suggests that the
abundant malonyl and p-coumaryl glycoside derivatives of cyanidin in this extract [39]
lack neuroprotective activity against either insult. Moreover, the fact that the hibiscus
extract interfered with dopaminergic cell death in midbrain cultures exposed to rotenone
but not PQ suggests that the sambubioside derivatives of cyanidin and delphinidin in this
extract [38] selectively activate responses that are protective against rotenone-mediated but
not PQ-mediated neurotoxicity (discussed in more detail below).

Table 2. Summary of neuroprotective activities of botanical extracts and individual polyphenols.

Extract Major Polyphenols
Mitigation of

Paraquat
Neurotoxicity

Mitigation of
Rotenone

Neurotoxicity

Activation of
Nrf2 Function

Activation of
Mitochondrial

Respiration

Polyphenolic
extract
BB ANC, PAC, PA Yes Yes Yes n.d.
Wild BB ANC, PAC, PA Yes n.d. Yes n.d.
BC ANC, PAC, PA Yes Yes No n.d.
PB ANC, PA No No No Yes
GS PAC, PA Yes Yes No n.d.
Plum ANC, PAC, PA Yes No No No
Curcumin PA Yes n.d. Yes n.d.
Mulberry S Yes Yes No n.d.
GSk ANC, PAC, PA, S Yes No Yes Yes
Resveratrol S Yes Yes n.d. n.d.
Hibiscus ANC No Yes No Yes

Individual ANC
C3G Yes No Yes n.d.
D3G Yes Yes Yes n.d.
M3G Yes Yes Yes n.d.
C3So Yes Yes n.d. n.d.

n.d., not determined.
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4.5. Different Extracts Have Different Abilities to Activate Nrf2 Signaling or Rescue
Mitochondrial Dysfunction

Our study revealed a correlation between the ability of an extract or individual
polyphenol to interfere with PQ neurotoxicity and the activation of Nrf2-mediated transcrip-
tion in astrocytes. All extracts and individual polyphenols that activated Nrf2-mediated
transcription (BB, wild BB, and GSk extract; C3G, D3G, M3G, and curcumin) protected
against PQ neurotoxicity (Table 2). Moreover, two extracts that failed to activate Nrf2-
mediated transcription (prepared from PB or hibiscus) lacked neuroprotective activity
against PQ-mediated dopaminergic cell death. From these data, we infer that activation of
the Nrf2 pathway plays an important role in protection against PQ neurotoxicity. This result
is consistent with our finding that Nrf2 expression is sufficient to alleviate PQ-mediated
dopaminergic cell death in primary midbrain cultures (Figure 6). Moreover, other groups
showed that neuronal cells are protected against PQ toxicity by treatment with a Nrf2 acti-
vator such as resveratrol [66], sulforaphane [67], or tert-butylhydroquinone [68]. Although
BC, GS, plums, and mulberry extract failed to activate Nrf2-mediated transcription, they
nevertheless alleviated PQ-induced neurotoxicity. This observation suggests that Nrf2
activation is not necessary for the protective effects of some extracts against PQ neurotoxicity.

Although C3G and D3G increased Nrf2 activity, C3Sa and D3Sa (the two ANC in the
hibiscus extract) failed to do so. ANC are known to undergo a cycling mechanism that
results in the formation of electrophilic quinones. ANC quinones can form adducts with the
cysteine residues of Keap1, thereby activating the Nrf2 pathway [69,70]. The inability of the
hibiscus extract to activate Nrf2 signaling implies (as one possibility) that the sambubioside
moiety of C3Sa or D3Sa is structurally incompatible with this mechanism, perhaps because
of steric hindrance resulting from the larger size of sambubioside (a disaccharide) compared
to the glucoside moiety of C3G or D3G.

We found that the hibiscus extract rescued rotenone-induced defects in mitochon-
drial respiration in galactose-conditioned N27 cells, an effect that could explain its pro-
tective activity against rotenone neurotoxicity in primary midbrain cultures [24]. In
contrast, the plum extract failed to rescue rotenone-induced deficits in mitochondrial
respiration, consistent with its inability to protect against rotenone neurotoxicity in mid-
brain cultures [24]. Because the PB and GSk extracts failed to protect against rotenone-
induced dopaminergic neuron death in midbrain cultures [24] despite rescuing rotenone-
mediated defects in mitochondrial respiration in N27 cells, we infer that the ability of an
extract to alleviate mitochondrial respiratory deficits is not sufficient for protection against
rotenone neurotoxicity.

Because aSyn aggregation is thought to play a key role in rotenone neurotoxic-
ity [13,71], the extracts and compounds shown here to alleviate rotenone-mediated neu-
rodegeneration may do so in part by interfering with aSyn self-assembly. Consistent with
this idea, we and others have observed that various polyphenolic extracts and compounds
inhibit aSyn aggregation or neurotoxicity [26,29,72]. A goal of future studies will be to
assess whether the neuroprotective extracts and compounds identified in this study have
similar inhibitory activities.

4.6. Clinical Significance

A limitation of the current study is that all of the experiments were carried out in cel-
lular models. Accordingly, a high priority for future research will be to determine whether
the polyphenols shown here to alleviate PQ or rotenone neurotoxicity have similar neuro-
protective activities in rodent models of PQ or rotenone exposure. Because polyphenols
have been found to accumulate in rodent brain at levels similar to the lowest polyphenolic
concentrations tested here (i.e., typical brain accumulation levels of 0.2 to 0.6 nmol/g [73],
corresponding to concentrations of ~0.2 to 0.6 µg/mL or ~0.2 to 0.6 µM), we predict that
the most potent of our extracts and individual ANC (e.g., the BB extract and D3G) should
show evidence of neuroprotective activity in vivo. Another limitation is that some of the
complex polyphenolic glycosides characterized in this study would likely not accumulate
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in the brain as intact molecules—instead, they would be hydrolyzed and conjugated to
new sugars prior to reaching the brain [74]. Ultimately, evidence that neuroprotective
extracts and compounds identified in this study also alleviate neurotoxicity in rodents will
be essential to determine which of these phytochemicals should be prioritized for further
testing in humans.

5. Conclusions

In summary, our data show that extracts rich in ANC, PAC, and stilbenes alleviate
neurotoxicity elicited by the PD-related insult, PQ. In addition, individual ANC were found
to have protective activity against PQ neurotoxicity. These findings are consistent with
epidemiological studies suggesting that a high intake of extracts rich in ANC and PAC is
associated with a lower PD risk [36,37]. A number of polyphenol-rich extracts or individual
ANC exhibited neuroprotective activity against toxicity elicited by either PQ or rotenone.
Nrf2 signaling was found to be sufficient for protection against PQ toxicity, whereas the
ability to activate the Nrf2 pathway or ameliorate mitochondrial deficits is neither necessary
nor sufficient for protection against toxicity elicited by rotenone. These insights into cellular
mechanisms by which polyphenol-rich extracts protect against PQ- or rotenone-induced
neurodegeneration advance our understanding of differences in the neurotoxic mechanisms
of both PD-related insults. Importantly, extracts that alleviate neurotoxicity elicited by
multiple PD stresses are attractive candidates for neuroprotection in humans because they
may slow neurodegeneration in individuals with elevated PD risk resulting from exposure
to a range of insults. In particular, the ANC-rich extracts and individual ANC shown here
to be neuroprotective may interfere with dopaminergic neuron death in vivo based on
evidence that ANC can penetrate the BBB as intact glycosides [63–65].
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of protective activities of polyphenol-rich extracts against neurotoxicity elicited by rotenone or PQ;
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treated with BB extract or M3G; Figure S3. A subset of botanical extracts fail to activate Nrf2;
Figure S4. Gene expression in mixed midbrain cultures transduced with Ad-CMV adenoviral vectors
is restricted to astrocytes.
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