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and the formation of Lewy bodies. Epidemiological findings suggest that the consumption of
berries rich in anthocyanins and proanthocyanidins may reduce PD risk. In this study, we
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) ’ o suppress the neurotoxic effects of rotenone in a primary cell culture model of PD.
Microglial activation . . -
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nitrite release from microglial cells stimulated by lipopolysaccharide. These findings suggest

that anthocyanin- and proanthocyanidin-rich botanical extracts may alleviate neurodegen-

eration in PD via enhancement of mitochondrial function.

© 2014 Published by Elsevier B.V.

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder that
involves a loss of dopaminergic neurons in a region of the
midbrain referred to as the substantia nigra pars compacta
(SNpc). A neuropathological hallmark of PD is the presence
in some surviving neurons of Lewy bodies, cytosolic inclu-
sions rich in fibrillar forms of the presynaptic protein a-
synuclein (Spillantini et al., 1997). The postmortem brains of
PD patients are also characterized by reduced activity of
complex I, an enzyme of the mitochondrial electron transport
chain (Betarbet et al., 2000). This complex I defect causes a
‘leakage’ of electrons from the transport chain, leading to the
accumulation of reactive oxygen species (ROS) that promote
the formation of aSyn aggregates (Betarbet et al., 2000; Rochet
et al., 2012). Dopaminergic neurons of the SNpc contain
relatively high basal levels of ROS resulting from the meta-
bolism and auto-oxidation of dopamine (Betarbet et al., 2000;
Graham, 1978). Therefore, these neurons are thought to be
particularly susceptible to pathogenic mechanisms that up-
regulate ROS in PD. Moreover, the SNpc has a relatively high
density of microglia compared to other brain regions, and
microglial activation likely contributes to neurodegeneration
in PD by triggering neuroinflammation (Block et al., 2007).
Current PD therapies act by controlling the disease symptoms
but do not slow the underlying neurodegeneration in the
brains of PD patients.

Epidemiological evidence suggests that PD risk increases as
a result of chronic exposure to environmental pollutants,
including rotenone, a complex I inhibitor used as an insecti-
cide and as a pesticide to control fish populations (Tanner
et al., 2011). Rats or primates subjected to prolonged, low-dose
rotenone exposure develop a PD-like phenotype characterized
by motor dysfunction, a loss of dopaminergic neurons, the
formation of Lewy-like inclusions, and microglial activation
(Betarbet et al., 2000; Sherer et al., 2003a). In addition, rotenone
triggers preferential dopaminergic cell death and aSyn aggre-
gation in primary midbrain cultures (Liu et al., 2008a, 2008b).
Rotenone is thought to elicit neurotoxicity by disrupting
mitochondrial electron transport, thereby causing a buildup
of ROS (Sherer et al., 2003b). In turn, this increase in ROS levels
promotes the conversion of aSyn to oxidatively modified
species with a high propensity to form potentially neurotoxic
oligomers (Conway et al., 2001; Mirzaei et al.,, 2006; Rochet
et al.,, 2012).

Multiple lines of evidence suggest that diets rich in
polyphenols may have neuroprotective effects that result in
a lower risk of neurodegenerative disorders including PD
(Albarracin et al., 2012; Chao et al., 2012; Lau et al., 2007b).
A number of phytochemicals have exhibited neuroprotective
effects in cellular and animal models of PD (Chao et al., 2012;

Song et al.,, 2012), including curcumin (Zbarsky et al., 2005),
green tea flavan-3-ols (Choi et al., 2002; Guo et al., 2007;
Levites et al., 2001; Mercer et al., 2005), and stilbenes includ-
ing resveratrol and oxyresveratrol (Blanchet et al., 2008; Chao
et al,, 2008; Khan et al., 2010). Although polyphenolic com-
pounds are well known for their ROS scavenging ability, the
fact that their peak concentrations in the brain are lower than
endogenous glutathione levels has led to the suggestion that
they may alleviate neurodegeneration via additional protec-
tive mechanisms (Del Rio et al., 2013; Milbury and Kalt, 2010;
Williams et al., 2004). Consistent with this idea, polyphenols
have been found to exhibit an array of neuroprotective
activities independent of ROS scavenging (reviewed in Chao
et al,, 2012; Ramassamy, 2006; Song et al., 2012), including
suppression of oxidative stress via effects on mitochondrial
respiratory chain function (Morin et al., 2003; Zini et al., 2002)
and alleviation of inflammatory responses associated with
glial activation (Guo et al., 2007; Kao et al., 2009; Lau et al,,
2007a).

Recent epidemiological findings suggest that the consump-
tion of berries (e.g. blueberries, strawberries) rich in two
classes of polyphenols, anthocyanins (ANC) and proanthocya-
nidins (PAC), may reduce the risk of PD (Gao et al, 2012).
Although a number of polyphenolic extracts or individual
polyphenols have been tested for neuroprotective activity in
PD models as outlined above, much less is known about the
effects of botanical extracts rich in ANC and/or PAC on PD-
related neurodegeneration, or how the neuroprotective activ-
ities of these extracts compare to those of extracts rich in
other classes of polyphenols. In this study we characterized
ANC- and PAC-rich extracts and a number of individual ANC
in terms of their ability to alleviate neurotoxicity in primary
midbrain cultures exposed to rotenone, and we examined
potential underlying mechanisms. Our findings suggest that
extracts rich in ANC and PAC protect against rotenone neuro-
toxicity by alleviating mitochondrial dysfunction.

2. Results
2.1.  Study design

The underlying hypothesis of this study was that botanical
extracts rich in ANC and/or PAC have neuroprotective activity
against PD stresses (Gao et al., 2012). To address this hypoth-
esis we characterized a series of extracts with high levels of
ANC and/or PAC, in addition to significant amounts of
phenolic acids (PA) and stilbenes (Table 1) (Del Rio et al.,
2013; Ramassamy, 2006), in terms of their ability to alleviate
neuronal cell death elicited by the PD-related neurotoxin,
rotenone. We also examined resveratrol and a Chinese
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Table 1 - Botanical extracts characterized in this study.

Extract Botanical source Major polyphenols
Blackcurrant (BC) Ribes nigrum ANC, PA, PAC
Black plum Prunus domestica ANC, PA, PAC
Black plum, dried (prunes) Prunus domestica PA, PAC

Blueberry (BB) Vaccinium corymbosum ANC, PA, PAC
Chinese mulberry Morus australis S}

Grape seed (GS) Vitis vinifera PAC

Grape skin Vitis vinifera ANC, PAC, S
Hibiscus Hibiscus sabdariffa ANC

Purple basil (PB) Ocimum basilicum ANC, PA

mulberry extract containing high levels of oxyresveratrol
(Table 1) to obtain an estimate of the relative neuroprotective
activity of ANC and/or PAC compared to that of stilbenes
previously shown to alleviate neurotoxicity in PD models
(Blanchet et al., 2008; Chao et al., 2008; Khan et al., 2010). After
examining a series of extracts with relatively complex poly-
phenolic profiles, we then tested a simpler ANC-rich extract
from a hibiscus plant and four individual ANC for their ability
to alleviate rotenone neurotoxicity. Extracts were analyzed
via HPLC coupled with photodiode array detection or mass
spectrometry (LC-MS) to identify and quantify their polyphe-
nolic constituents (polyphenol identities were determined by
analyzing both UV and MS data). In addition, the total poly-
phenol content in each extract was determined spectrophoto-
metrically using the Folin-Ciocalteu assay (Waterhouse, 2002)
(Table 2).

2.2.  Neuroprotective activities of ANC-rich extracts

The first set of experiments was carried out to assess the
neuroprotective activities of three ANC-rich botanical
extracts from blueberry (BB), blackcurrant (BC), and purple
basil (PB) (Table 1). Analysis of the BB and BC extracts by
reversed phase HPLC coupled with UV and MS detection
confirmed that ANC were the predominant polyphenolic
components in each extract (Tables 3 and 4; Fig. 1). Whereas
the BB extract contained 17 ANC encompassing different
cyanidin, delphinidin, malvidin, peonidin, and petunidin
glycosides, the BC extract was characterized by a less com-
plex ANC profile consisting of cyanidin and delphinidin
glycosides. The PB extract was previously shown to consist
of 14 ANC encompassing malonyl or p-coumarylglycoside
derivatives of cyanidin and peonidin (Phippen and Simon,
1998). Versions of the extracts recovered after a polyphenol
enrichment step on a C18 solid-phase extraction (SPE) col-
umn (referred to here as ‘post-C18 extracts’) contained much
higher polyphenol levels compared to the initial crude extracts
(Tables 3 and 4).

To monitor the effects of the extracts on neurotoxicity,
primary midbrain cultures were pre-treated with each extract
or vehicle and then exposed to the complex I inhibitor
rotenone. 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 were also

Table 2 - Total phenolic concentration of crude and

polyphenol-enriched (post-C18) botanical extracts®.

Extract x 102 mg/g
Crude Post-C18

Blueberry 0.12 2.8
Blackcurrant 3.8 44
Purple basil 0.90 4.3
Grape seed 8.3 8.2
Plums 0.10 5.7
Prunes 0.08 4.4
Chinese mulberry 1.5 4.3
Grape skin 0.25 2.2
Hibiscus (SN26) 0.30 N/A
Hibiscus (dark red) N/A 4.6

@ Determined using the Folin-Ciocalteu assay.

TH?. Cultures treated with rotenone plus extracts derived
from BB or BC (but not PB) had a higher relative number of
dopaminergic neurons than cultures treated with rotenone
plus vehicle (Figs. 2A and 3). The BB extract was neuropro-
tective at a concentration of 0.01 pg/mL but not 0.1 ug/mL,
apparently because the extract’s neuroprotective activity was
offset by toxicity at the higher dose. Additional data revealed
that the BB extract (0.01pg/mL) induced an increase in
dopaminergic cell viability when removed from the cultures
6 h prior to the rotenone treatment (Fig. 2B), suggesting that
the extract did not merely carry out a neuroprotective effect
by disrupting toxicant entry into the cells. The BB extract also
alleviated the rotenone-induced loss of neurites from TH'/
MAP2" neurons (Fig. 2C and D), implying that BB-mediated
increases in TH" cell counts in Fig. 2A and B reflect an
enhancement of dopaminergic cell viability rather than just
an increase in TH expression. Collectively, these data suggest
that BB polyphenols interfere with neurotoxicity in rotenone-
treated midbrain cultures.

2.3.  Neuroprotective activities of extracts rich in PAC
and PA

The next set of experiments was designed to test the
neuroprotective activities of three extracts with high levels
of PAC and/or PA: (i) a grape seed (GS) extract rich in PAC
(Wu et al., 2005); (ii) a plum extract with high levels of ANC,

Please cite this article as: Strathearn, K.E., et al., Neuroprotective effects of anthocyanin- and proanthocyanidin-rich extracts
in cellular models of Parkinson's disease. Brain Research (2014), http://dx.doi.org/10.1016/j.brainres.2014.01.047

413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472


dx.doi.org/10.1016/j.brainres.2014.01.047
dx.doi.org/10.1016/j.brainres.2014.01.047
dx.doi.org/10.1016/j.brainres.2014.01.047

BRES : 43396

4 BRAIN RESEARCH I (REEN) IRE-H11
Q6

474 534
475 Polyphenol Crude (mg/g) Post-C18 (mg/g) 535
476 ANC? 536
477 1. Delphinidin-3-0O-galactoside 0.57 18.8 537
478 2. Delphinidin-3-O-glucoside 0.28 9.37 538
479 3. Cyanit}lir.l-?-o-galacto.side. 0.18 6.23 539
480 4. Delp}?u.ndln—3—O—aral?1n051de 0.33 11.3 540

5. Cyanidin-3-O-glucoside 0.09 2.96
481 6. Cyanidin-3-O-arabinoside 0.38 15.9 >41
482 7. Petunidin-3-O-glucoside 0.37 9.67 542
483 8. Peonidin-3-0O-galactoside - 2.49 543
484 9. Petunidin-3-O-arabinoside 0.19 6.58 544
485 10. Malvidin-3-O-galactoside 1.05 36.3 545
486 11. Malvidin-3-O-glucoside 0.73 26.5 546
487 12. Malvidin-3-O-arabinoside 0.54 21.3 547

13. Delphinidin-3-0-(6"-acetyl-glucoside) 0.14 6.05
488 14. Cyanidin-3-0-(6"-acetyl-glucoside) - 2.13 >48
489 15. Malvidin-3-0-(6"-acetyl-galactoside) 0.32 9.91 549
490 16. Petunidin-3-0-(6"-acetyl-glucoside) 0.11 5.26 550
491 17. Malvidin-3-0-(6"-acetyl-glucoside) 0.41 15.2 551
492 Total ANC 5.7 206 552
493 PACC:techin n.d 9.6 >33
494 Epicatechin n.d. 0.8 >>4
495 Total PAG nd. 104 555
496 PAP 556
497 Chlorogenic acid 2.5 220 557
498 558
499 n.d., not detected. 559

& ANC concentrations were estimated by HPLC as the cyanidin-3-O-glucoside equivalent.
>00 ® Quantified by HPLC using reference standards. 260
501 561
502 562
503 563
505 Polyphenol Blackcurrant Black plums Dried plums 565
506 566
507 Crude Post-C18 Crude Post-C18 Crude Post-C18 567
508 (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) 568
509 ANG? 569
510 1. Delphinidin-3-0- 412 50.4 n.d. n.d. n.d. n.d. 570
511 glucoside 571
512 2. Delphinidin-3-O- 126 153 n.d. n.d. n.d. n.d. 572
513 rutinoside 573
514 3. Cyanidin-3-O-glucoside 20.9 25.8 0.18 14.3 n.d. 0.04 574

4. Cyanidin-3-O-rutinoside 127 153 0.14 10.8 n.d. 0.05

515 Total ANC 315 382 0.32 25.1 0.09 575
516 PACP 576
517 Catechin n.d. 4.32 4.70 27.6 0.30 11.1 577
518 Epicatechin n.d. 1.90 1.60 9.20 0.10 3.70 578
519 Polymeric PAC n.d. n.d. 11.2 239 3.90 161 579
520 ';'ZEal PAC 6.20 17.5 275 4.30 176 5380
>21 Caffeic acid n.d. 16.5 0.83 5.40 n.d. 2.60 >81
522 Chlorogenic acid nd. nd. 3.40 9.90 nd. 355 582
523 Neochlorogenic acid n.d. n.d. 3.60 24.6 2.20 85.2 583
524 Total PA 16.5 7.83 39.9 2.20 123 584
525 585
526 n.d., not detected. 586

# ANC concentrations were estimated by HPLC as the cyanidin-3-O-glucoside equivalent.
>27 ® Quantified by HPLC using reference standards. >87
528 588
529 589
530 PAC, and PA; and (iii) a dried plum (prune) extract rich in PA to degrade during drying of plums (Piga et al., 2003)). Our 590
531 but with lower relative amounts of PAC and undetectable rationale for testing the effects of a GS extract was that this 591
532 ANC (Table 4) (ANC are heat sensitive and have been reported approach would enable us to assess the neuroprotective 592
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Fig. 1 - RP-HPLC chromatograms showing the ANC
composition of blueberry and blackcurrant extracts.
Identities of ANC peaks revealed by analysis of the blueberry
extract (A) and the blackcurrant extract (B) are shown in
Tables 3 and 4, respectively. Absorbance was monitored at
520 nm in (A) and (B). ANC were identified by UV, MS,
MS/MS, and comparison with available standards.

activity of PAC with little contribution from other polyphe-
nols. Moreover, a comparison of the effects of plum and
prune extracts might yield insight into the neuroprotective
activity of PA (Shukitt-Hale et al., 2009). RP-HPLC analysis
confirmed the presence of the expected polyphenolic classes
in the plum and prune extracts and yielded quantitative data
relating to individual constituents (Table 4). The GS extract
was previously shown to consist of 22 PAC with different
degrees of polymerization and gallate substitution (Wu et al.,
2005). Cultures treated with rotenone plus GS extract (Fig. 4A)
but not plum or prune extract (Fig. 4C and D) exhibited
greater dopaminergic cell survival than cultures treated with
rotenone plus vehicle. In addition, the GS extract alleviated
rotenone-induced neurite loss from TH'/MAP2" neurons
(Fig. 4B). The total polyphenol concentration of the GS extract
was approximately 80-fold greater than that of the plum
extract (Table 2), and this difference may explain why the GS
extract but not the plum extract interfered with rotenone
neurotoxicity in this set of experiments, despite the fact that
both extracts are rich in PAC. Alternatively, the GS extract
may consist of different PAC with greater neuroprotective
activity compared to those of the plum extract. The total PA
level of the plum and prune extracts was similar to that of the
BB extract (Tables 3 and 4), implying that BB PA (primarily
chlorogenic acid) do not play a major role in suppressing

rotenone-mediated neurodegeneration. These results suggest
that PAC alleviate dopaminergic neuron death and neurite
loss in rotenone-treated cultures, whereas PA are apparently
less neuroprotective.

2.4. Neuroprotective activities of extracts rich in stilbenes

Previous studies revealed that the stilbenes resveratrol and
oxyresveratrol protect against neurotoxicity in cellular and
animal models of PD (Blanchet et al., 2008; Chao et al., 2008;
Khan et al., 2010). Here, we characterized a Chinese mulberry
bark extract rich in oxyresveratrol (Table S1 and Fig. S1A), a
grape skin extract rich in resveratrol (Table S1 and Fig. S1B)
(Careri et al., 2003), and pure resveratrol in terms of their
ability to alleviate dopaminergic cell death in primary mid-
brain cultures exposed to rotenone. Cultures treated with
rotenone plus the mulberry extract or resveratrol (but not the
grape skin extract) exhibited greater dopaminergic cell viabi-
lity than cultures treated with rotenone plus vehicle (Fig. 5).
Together, these data suggest that some (but not all) stilbene-
rich extracts can protect against rotenone neurotoxicity.

2.5.  Neuroprotective activities of extracts purified by SPE

A potential complication in interpreting differences in the
biological effects of the botanical extracts outlined above is
that different extracts may have different amounts of non-
active components including sugars, and these could inter-
fere with neuroprotective activity. To address this issue, we
fractionated each extract on a C18 SPE column. In addition to
removing sugars, elution of the extracts through a C18
column concentrated the polyphenolic constituents relative
to levels in the initial crude extracts (Tables 3 and 4). Analysis
of the post-C18 GS extract by LC-MS revealed the presence of
a series of proanthocyanidins with different degrees of poly-
merization and gallate substitution (data not shown) (Wu
et al., 2005). Next, we examined whether botanical extracts
that failed to suppress dopaminergic cell death prior to the C18
enrichment (grape skin extract and extracts derived from
prunes, plums, and purple basil) became neuroprotective after
solid-phase extraction. The post-C18 extracts were tested for
their ability to alleviate rotenone neurotoxicity at the same
polyphenol concentrations as those used to test the neuropro-
tective effects of the crude extracts (based on the polyphenol
concentrations determined using the Folin-Ciocalteu assay;
Table 2). Our data revealed that the post-C18 extracts, like
the initial crude extracts, were unable to alleviate rotenone-
induced dopaminergic cell death (Fig. 6A). These findings
suggest that the lack of neuroprotection by the crude extracts
did not result from the suppression of polyphenol bioactivity
by sugars or impurities - rather it reflected the limited ability of
the polyphenolic constituents in these extracts to mitigate
rotenone neurotoxicity.

2.6.  Neuroprotective activities of post-C18 extracts
normalized to polyphenol content

Our next objective was to determine which of the extracts that
were found to alleviate neurotoxicity in crude form (BB, BC, GS,
and mulberry; Figs. 2-5) had the greatest neuroprotective activity
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Fig. 2 - A blueberry (BB) extract alleviates rotenone-induced neurotoxicity and neurite loss. Primary midbrain cultures
incubated in the absence or presence of a BB extract for 72 h were exposed to rotenone (100 nM) in the absence or presence of
extract for 24 h (A). Alternatively, primary cultures incubated in the absence or presence of the BB extract for 66 h were
incubated in fresh media (minus extract) for 6 h and then exposed to rotenone (100 nM) in the absence of extract for

24 h (B)-(D). Control cells were incubated in the absence of rotenone or extract. The cells were stained with antibodies specific
for MAP2 and TH and scored for relative dopaminergic cell viability (A, B) or neurite loss (C). Representative fluorescence
micrographs show the protective effect of the BB extract against rotenone-induced neurite loss (D) (scale bar, 20 pm). The data
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as post-C18 extracts normalized to polyphenol content. Primary dopaminergic cell survival compared to cultures treated with
midbrain cultures were exposed to rotenone in the absence or rotenone plus vehicle (Fig. 6B). These results suggest that
presence of each post-C18 extract at a total polyphenol concen- extracts with high levels of ANC and/or PAC inhibit rotenone-

tration of 30 ng/mL. Cultures treated with rotenone plus extract induced neurodegeneration with greater efficacy than extracts
prepared from BB, BC, or GS (but not mulberry) exhibited greater rich in other types of polyphenols, including PA and stilbenes.
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Although the data in Table 2 and Figs. 2-5 suggested that the
post-C18 extracts should be neuroprotective at polyphenol
concentrations as low as 0.1 ng/mL (BB extract) or 0.4 ng/mL
(BC extract), we found that the extracts only alleviated dopami-
nergic cell death at total polyphenol concentrations > 30 ng/mL.
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This observation suggests that the crude (pre-C18) extracts have
greater neuroprotective activity per unit mass of total polyphe-
nol than the post-C18 fractions.

2.7.  Neuroprotective effects of individual ANC

Having shown that the ANC-rich BB and BC extracts have
neuroprotective activity, we next examined the effects of
individual ANC on rotenone neurotoxicity. In one set of
experiments, we examined the effects of two commercially
available ANC, malvidin-3-O-glucoside (M3G) and cyanidin-3-
O-sophoroside (C3So), and two ANC isolated from a BC
extract by counter-current chromatography, delphinidin-3-
O-glucoside (D3G) and cyanidin-3-O-glucoside (C3G). Primary
midbrain cultures exposed to rotenone plus M3G, C3So, and
D3G (but not C3G) exhibited greater dopaminergic cell viabi-
lity than cultures exposed to rotenone plus vehicle (Fig. 7). In
a second set of analyses, we tested the effects of two versions
of a hibiscus extract (a crude extract referred to as ‘SN26’ and
a post-C18, dark red extract), each consisting primarily of two
ANC, cyanidin-3-O-sambubioside (C3Sa) and delphinidin-3-
O-sambubioside (D3Sa) (Table S2) (Juliani et al., 2009). We
found that both extracts alleviated dopaminergic cell death in
primary midbrain cultures exposed to rotenone (Fig. 8).
Together, these results suggest that individual ANC (or
mixtures of a small number of ANC) can protect against
rotenone neurotoxicity.

2.8. Effects of ANC- and PAC-rich extracts on
mitochondrial respiration

Multiple lines of evidence suggest that ANC and PAC (or
extracts rich in these polyphenols) alleviate mitochondrial
dysfunction via modulatory effects on electron transport in
non-neuronal systems (Hokayem et al., 2013; Pajuelo et al.,,
2012; Xie et al,, 2012). Accordingly, we hypothesized that
ANC- and PAC-rich extracts mitigate toxicity associated with
rotenone-mediated complex I inhibition by rescuing defects
in mitochondrial respiration. To address this hypothesis, we
tested the extracts listed in Table 1 for their effects on O,
consumption in MES23.5 neuronal cells exposed to rotenone.
The O, consumption assay involves plating the cells on a
96-well plate that contains an immobilized O,.sensitive
fluorophore. In the presence of functional mitochondria, O,
is consumed, leading to a higher (i.e. less quenched) fluores-
cence signal than that associated with cells with impaired
mitochondria. MES23.5 cells exposed to rotenone (100 nM,
24 h) exhibited a ~35% decrease in fluorescence compared to

Fig. 5 - Different stilbene-rich extracts have different abilities
to alleviate rotenone neurotoxicity. Primary midbrain cultures
were incubated in the absence or presence of extracts derived
from Chinese mulberry (CM) (A) or grape skin (GSk) (B) or the
pure compound resveratrol (C) for 72 h. The cells were then

exposed to rotenone (100 nM) in the absence or presence of

extract or compound for 24 h. Control cells were incubated in
the absence of rotenone, 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=2-3 (A), n=2-4 (B), or n=3 (C); *p<0.05.
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Fig. 6 - Extracts rich in ANC and/or PAC have greater neuroprotective activity than extracts containing other types of
polyphenols. Primary midbrain cultures were incubated in the absence or presence of post-C18 extracts derived from purple
basil (PB), grape skin (GSk), plums (plu), or prunes (pru) (A) or blueberry (BB), blackcurrant (BC), Chinese mulberry (CM), or
grape seed (GS) (B). Each extract was diluted to a final, total polyphenol concentration of 30 ng/mL. The cells were then
exposed to rotenone (100 nM) in the absence or presence of each extract for 24 h. Control cells were incubated in the absence
of rotenone 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 (A) or n=6 (B); *p <0.05.

control cells (Fig. 9). Rotenone elicited minimal cell loss under
these conditions (Liu, F. and Rochet, J.-C., unpublished data),
indicating that the decrease in fluorescence mostly reflected
a reduced rate of O, consumption rather than a decrease in
cell viability. MES23.5 cells treated with rotenone plus crude
BB or GS extract exhibited greater fluorescence than cells
treated with rotenone plus vehicle (Fig. 9). The concentration
at which the BB extract produced a fluorescence increase
(10 pg/mL) was substantially greater than the minimal con-
centration at which it alleviated rotenone neurotoxicity in
primary midbrain cultures (0.01 pg/mL) (Fig. 2). In contrast to
the BB and GS extracts, extracts derived from BC, PB, plums,
prunes, mulberry, grape skin, or hibiscus showed no effects in
this assay (data not shown). These results suggest that the BB
and GS extracts rescue rotenone-induced defects in mito-
chondrial O, consumption in MES23.5 neuronal cells.

2.9.  Effects of ANC- and PAC-rich extracts on microglial
activation

Based on evidence in the literature (Guo et al., 2007; Kao et al.,
2009; Lau et al, 2007a), we hypothesized that botanical
extracts with high levels of ANC and/or PAC mitigate neuro-
toxicity by suppressing neuroinflammation associated with
microglial activation. To address this hypothesis, we tested
the effects of botanical extracts on the production of NO, a
neuroinflammatory agent, by the BV2 mouse microglial cell
line. BV2 cells were treated with lipopolysaccharide (LPS), a
classic inducer of microglial activation (Lau et al., 2007a), in
the absence or presence of the extracts listed in Table 1 (post-
C18 extracts at a normalized polyphenol concentration of
10 pg/mlL). The culture media was then assayed for levels of
the stable NO metabolite, nitrite (Lau et al., 2007a). Nitrite
levels were markedly lower in the media from cells exposed
to LPS plus the PB extract compared to cells exposed to LPS
alone (Fig. 10). The dark red hibiscus extract also appeared to
reduce LPS-induced nitrite release, although this effect did

not reach statistical significance (Fig. S2). The other extracts
listed in Table 1 had no significant effect on LPS-induced
nitrite release in this assay, which showed considerable
variability (data not shown). Similar results were obtained
when examining the crude (pre-C18) forms of the extracts at
a polyphenol concentration of 1-100 pg/mL (data not shown).
None of the extracts had a significant impact on superoxide
production in LPS-treated BV2 cells (data not shown). From
these data, we infer that ANC and/or PA in the PB extract
interfere with microglial activation to a greater extent than
polyphenols in the other extracts.

3. Discussion

In this study, we characterized a number of botanical extracts
rich in ANC and/or PAC in terms of their neuroprotective
activities in primary midbrain cultures exposed to rotenone.
An advantage of using this primary cell culture model is that
it consists of a mixed population of glial cells and post-
mitotic, dopaminergic and non-dopaminergic neurons, simi-
lar to the midbrain region affected in PD (Liu et al., 2008b).
Accordingly, primary midbrain cultures provide a powerful
platform to identify candidate neuroprotective extracts or
compounds than can be validated in subsequent in vivo
experiments. Moreover, given the reported link between
rotenone exposure and PD risk (Tanner et al, 2011), our
approach of testing extracts for the ability to alleviate
rotenone neurotoxicity has the potential to reveal chemical
entities with neuroprotective activity in human PD.

3.1.  ANC- and PAC-rich extracts protect primary
dopaminergic neurons against rotenone neurotoxicity

A key result from our study is the observation that ANC-rich
extracts prepared from BB and BC (but not PB) protected
dopaminergic neurons against rotenone toxicity. This finding
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Fig. 7 - Different ANC have different abilities to alleviate rotenone neurotoxicity. Primary midbrain cultures were incubated in
the absence or presence of malvidin-3-0-glucoside (M3G) (A), cyanidin-3-O-sophoroside (C3So) (B), delphinidin-3-O-glucoside
(D3G) (C), or cyanidin-3-0-glucoside (C3G) (D) for 72 h. (M3G and C3So were purchased compounds, whereas D3G and C3G
were isolated from a blackcurrant extract. The concentrations of D3G and C3G are expressed in ug/mL because these ANC
were not 100% pure. Given that the purity of these compounds was >95%, their doses of 0.05 and 0.5 ug/mL were
approximately equal to 0.1 and 1 uM). The cells were then exposed to rotenone (100 nM) in the absence or presence of each
ANC for 24 h. Control cells were incubated in the absence of rotenone or ANC. 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=6 (A, B) or
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Fig. 8 - Hibiscus extracts containing two major ANC alleviate rotenone neurotoxicity. Primary midbrain cultures were
incubated in the absence or presence of a crude hibiscus extract (A) or a post-C18, dark red hibiscus extract (DR hib) (B) for
72 h. The cells were then exposed to rotenone (100 nM) in the absence or presence of extract for 24 h. Control cells were
incubated in the absence of rotenone 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=2-4 (A) or n=6 (B); "p <0.05 and **p<0.01.

is consistent with previous data showing that a mulberry 1,2,3,6-tetrahydropyridine (MPTP) and in primary mesence-
extract from Morus alba L. (Moraceae) interfered with dopa- phalic cultures treated with 6-hydroxydopamine (6-OHDA) or
minergic cell death in mice exposed to 1-methyl-4-phenyl- the MPTP metabolite, MPP" (Kim et al., 2010). The mulberry
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Fig. 9 - Blueberry (BB) and grape seed (GS) extracts alleviate rotenone-induced defects in mitochondrial respiration. MES23.5
cells were plated in a 96-well Oxygen Biosensor plate and treated with rotenone (100 nM) in the absence or presence of a
crude BB extract (A) or a crude GS extract (B) for 24 h. Control cells were incubated in the absence of rotenone or extract. Mean
fluorescence data were obtained from duplicate or triplicate wells in three independent experiments and normalized to
control values. The data are presented as the mean +SEM; n=6-8 (A) or n=7-9 (B); "p<0.05 and **p<0.01.
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Fig. 10 — A purple basil (PB) extract alleviates LPS-induced
microglial activation. Mouse BV2 microglial cells were
treated with LPS (120 EU/mL) for 24 h in the absence or
presence of a post-C18 PB extract (total polyphenol
concentration, 10 pg/mL). Control cells were incubated in the
absence of LPS or extract. Conditioned media was recovered
from each well and assayed spectrophotometrically for
nitrite levels, and values were normalized to the protein
concentration of the BV2 cell lysate from the same well
(control nitrite levels were ~0.7 pM in 1 mL of media,
equivalent to ~7.5 pmol/g protein). The data are presented
as the mean + SEM; n=3; *p<0.05.

extract described in this earlier report was found to contain
C3G and presumably also included other ANC (Du et al., 2008),
although in contrast to the results presented here a complete
ANC profile was not determined. ANC-rich botanical extracts
have also been shown to alleviate neurodegeneration in
models of excitotoxicity related to cognitive impairment
(Duffy et al., 2008) and amyloid-p (AB) neurotoxicity asso-
ciated with Alzheimer’s disease (Brewer et al., 2010). The
major ANC present in the BB and BC extracts were malvidin,
delphinidin, and cyanidin glycosides (Tables 3 and 4). In

contrast, the predominant ANC in the PB extract were mal-
onyl or p-coumarylglycoside derivatives of cyanidin or peo-
nidin (Phippen and Simon, 1998), and these compounds were
absent from the BB and BC extracts. From these data, we infer
that the BB, BC, and PB extracts had different neuroprotective
activities as a result of differences in their total ANC content,
their ANC profiles, and/or their distributions of less abundant
polyphenols (e.g. PAC, PA, stilbenes) that were below the limit
of detection of our RP-HPLC analysis.

Our study also revealed that a PAC-rich extract from GS
alleviated dopaminergic cell death in rotenone-treated mid-
brain cultures. Consistent with this finding, a PAC-rich cocoa
extract was found to alleviate nigral dopaminergic cell death
and striatal dopamine depletion in rats exposed to 6-OHDA,
whereas catechin-rich extracts from the seeds of red or white
grapes showed little evidence of neuroprotective activity in
the same model (Datla et al., 2007). Another study revealed
that a PAC-rich fraction from the bark of Croton celtidifolius
Baill attenuated motor deficits and nigral dopaminergic cell
death in rats receiving an intranasal infusion of MPTP
(Moreira et al., 2010). A number of groups have shown that
monomeric PAC such as catechin and (-)-epigallocatechin-3-
gallate and extracts rich in these polyphenols but lacking
polymeric PAC, including tea extracts, are neuroprotective in
cellular and rodent models of PD (Choi et al., 2002; Guo et al,,
2007; Levites et al., 2001; Mercer et al., 2005). Monomeric but
not polymeric PAC have been shown to ameliorate cognitive
deficits when administered orally in a transgenic mouse
model of Alzheimer’s disease, and only monomeric PAC
metabolites (glucuronide derivatives) accumulate in rodent
brain (Abd El Mohsen et al.,, 2002; Wang et al., 2012). Collec-
tively, these observations and the data presented here imply
that (i) PAC-rich extracts can alleviate neurodegeneration in
PD models, although the degree of neuroprotection likely
depends on the polyphenol content of the extract and/or
the nature of the model; and (ii) monomeric PAC or their
metabolites from extracts with neuroprotective activity
(including the GS extract examined here) may slow neurode-
generation in rodent PD models and in human brain.
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Additional experiments revealed that an oxyresveratrol-
rich mulberry extract (in addition to the pure compound
resveratrol) alleviated rotenone neurotoxicity in primary
midbrain cultures. These results are consistent with previous
data showing that oxyresveratrol or resveratrol attenuated
neuronal cell death triggered by PD-related insults in cellular
or animal models (Blanchet et al., 2008; Chao et al., 2008;
Khan et al., 2010). Together with recently reported evidence
that resveratrol glucuronide can be detected in the brains of
mice fed a grape polyphenol preparation (Wang et al., 2013),
our findings suggest that stilbenes or their metabolites may
have neuroprotective activity in PD brain. In contrast, we
found that extracts prepared from grape skin, plums, or dried
plums (prunes) failed to protect against rotenone neurotoxi-
city. The grape skin extract may have failed to suppress
rotenone-induced dopaminergic cell death because the con-
centration of resveratrol in this extract was below a minimal
concentration required for neuroprotection. The data in
Fig. 5C imply that this minimal concentration was < 10nM,
whereas the results in Table S1 and Fig. 5B indicate that the
final resveratrol concentration ranged from 0.05 to 5nM in
the grape skin extract samples examined here. The inability
of the plum and prune extracts to carry out a neuroprotective
effect suggests that PA abundant in these extracts may have
a weak ability to alleviate neurotoxicity in the rotenone
midbrain culture model. Consistent with this idea, a plum
juice extract containing PA, ANC, and PAC, but not a dried
plum powder consisting primarily of PA, interfered with age-
related cognitive decline in rats (Shukitt-Hale et al., 2009).

In this study, we show for the first time that extracts rich
in ANC and/or PAC are more neuroprotective than extracts
containing other types of polyphenols (based on normalized
total polyphenol levels) in a PD cell culture model. This
finding suggests that ANC and PAC activate pro-survival
pathways which are essential for the viability of neurons
exposed to rotenone (e.g. pathways involved in mitochondrial
function - see below). In contrast, other polyphenol classes
(including PA and stilbenes) may not activate identical path-
ways. Instead, they may trigger different responses involved
in neuroprotection against other PD-related insults. Our
results are consistent with previous data showing that
ANC- and PAC-rich fractions of a BB extract, but not pure
chlorogenic acid, rescued deficits in Ca®* buffering in hippo-
campal cultures exposed to dopamine, Apsy, or LPS (Joseph
et al., 2010). Moreover, we found that our crude (pre-C18)
extracts exhibited higher neuroprotective activity per unit
mass of total polyphenol than the corresponding post-C18
extracts. This observation, also consistent with previous
findings (Joseph et al., 2010), suggests that chemical entities
removed during the C18 purification step may be neuropro-
tective and/or may enhance the protective activity of ANC
and/or PAC in unfractionated extracts via synergistic effects.

3.2. A subset of individual ANC protect against rotenone
neurotoxicity

Another key outcome of our study was the demonstration
that the individual ANC M3G, C3So, and D3G (but not C3G)
attenuated dopaminergic cell death in rotenone-treated mid-
brain cultures. In addition, we found that a hibiscus extract

mitigated rotenone neurotoxicity, suggesting that C3Sa and/
or D3Sa were also likely neuroprotective. In a previous report,
the ANC pelargonidin was shown to alleviate motor deficits
and nigral dopaminergic cell death in 6-OHDA-treated rats
(Roghani et al.,, 2010). To our knowledge the study presented
here is the first to compare a range of ANC in terms of
neuroprotective activity in a PD model. Our observation that
an ANC-rich PB extract failed to improve dopaminergic neuron
survival in rotenone-treated midbrain cultures (in contrast to
the BB and BC extracts) suggests that some ANC may not be
neuroprotective in the rotenone model. Notably, ANC that are
abundant in the PB extract but absent from the BB and BC
extracts, including malonyl or p-coumarylglycoside derivatives
of cyanidin and peonidin, are predicted to have a weak ability
to suppress rotenone neurotoxicity. The only PB ANC that was
also detected in the BB and BC extracts, C3G, failed to produce
a significant neuroprotective effect in rotenone-treated cul-
tures. Importantly, these findings demonstrate that the iden-
tity of the sugar moiety attached to the anthocyanidin core
plays a key role in determining the degree to which a given
ANC alleviates neurotoxicity (e.g. C3So is neuroprotective,
whereas C3G is not). We note, however, that the profile of
protective versus inactive ANC may vary in different PD
models or in patients with different forms of the disease (e.g.
idiopathic versus familial). Moreover, although our data
demonstrate that individual ANC can interfere with neuro-
toxicity, synergistic interactions involving multiple ANC may
be required for maximal neuroprotection (Carey et al., 2013).
Thus, an ANC that is inactive when tested individually may in
fact contribute to the overall neuroprotective activity of an
ANC-rich extract. Finally, our results showing evidence of
ANC-mediated neuroprotection are likely relevant to in vivo
protective effects, given that a number of ANC have been
detected as intact glycosides in the brains of rats (Andres-
Lacueva et al., 2005; Ho et al., 2013; Janle et al., 2010; Talavera
et al., 2005; Wang et al., 2013) and pigs (Milbury and Kalt, 2010)
fed diets supplemented with ANC-rich extracts.

3.3.  Mechanisms by which ANC and PAC alleviate
neurodegeneration

In this study we addressed two potential mechanisms by
which extracts rich in ANC and/or PAC could suppress
rotenone neurotoxicity: amelioration of mitochondrial dys-
function, and interference with microglial activation. Our
rationale for focusing on these two mechanisms was that:
(i) rotenone is known to cause defects in mitochondrial
respiration by inhibiting complex I of the electron transport
chain (Betarbet et al., 2000); and (ii) microglial activation plays
a role in the death of dopaminergic neurons elicited by
rotenone in cell culture (Gao et al,, 2002) and in rat brain
(Sherer et al., 2003a).

The O, consumption experiments revealed that the BB and
GS extracts, both of which were neuroprotective in the
primary cell culture model, rescued deficits in mitochondrial
respiration triggered by rotenone in MES23.5 neuronal cells.
The fact that the minimal effective concentration of the BB
extract was greater in the O, consumption assay than in the
primary neuron viability assay suggests (as one possibility)
that BB polyphenols may rescue mitochondrial dysfunction
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in dopaminergic neurons with greater potency than in
MES23.5 cells. In contrast, three neuroprotective extracts
(BC, mulberry, and hibiscus) had no effects on rates of
O, consumption, suggesting that they antagonize rotenone
neurotoxicity in primary midbrain cultures via alternative
mechanisms. Our findings imply that the enhancement of
mitochondrial function plays a role in the protective effects of
some extracts against rotenone neurotoxicity, but this
mechanism is not necessary for neuroprotection by all
extracts. In contrast, stimulatory effects on mitochondrial
respiration may be sufficient for neuroprotection, given that
all of the non-protective extracts (PB, plums, prunes, and
grape skin) failed to reverse rotenone-mediated deficits in O,
consumption. The evidence presented here that the BB and
GS extracts can enhance mitochondrial function is consistent
with previous data showing that D3G mitigates the inactiva-
tion of enzymes of the electron transport chain in endothelial
cells (Xie et al,, 2012), and that grape polyphenols alleviate
deficits in mitochondrial respiration in human and rat tissues
(Hokayem et al.,, 2013; Pajuelo et al, 2012). BB and GS
polyphenols may ameliorate rotenone-induced mitochon-
drial dysfunction by various mechanisms, two examples of
which include (i) displacement of rotenone from its binding
site on complex I (Lagoa et al.,, 2011), thereby abrogating the
formation of ROS that cause oxidative damage to respiratory
chain enzymes (Keeney et al., 2006); and (ii) activation or
up-regulation of the transcriptional co-activator PGCla, a
master regulator of mitochondrial biogenesis and oxidative
metabolism (Lagouge et al., 2006; Valenti et al., 2013).
Analyses of nitrite release revealed that (i) the PB extract,
which failed to protect against rotenone neurotoxicity in
primary midbrain cultures, suppressed LPS-induced activation
of BV2 microglial cells; and (ii) the hibiscus extract, which was
protective against rotenone neurotoxicity, exhibited a trend
towards alleviating BV2 cell activation, consistent with pre-
vious data (Kao et al, 2009). In contrast, none of the other
extracts (either neuroprotective or non-protective) had a sig-
nificant effect on nitrite release from LPS-treated BV2 cells. Our
data differ from those in a recent report showing that a BB
extract alleviated nitrite release from LPS-stimulated BV2 cells
(Carey et al., 2013), presumably because the levels of BB extract
examined here were lower. From these results, we infer that
the ability of an extract to abrogate nitrite release from LPS-
treated BV2 cells does not necessarily correlate with the
extract’s neuroprotective activity in rotenone-treated midbrain
cultures. A previous study revealed that a BB extract sup-
pressed microglial activation in the brains of 6-OHDA-treated
rats (Stromberg et al., 2005), suggesting that ANC-rich extracts
can alleviate neuroinflammation under some conditions.
A goal for future research will be to test this hypothesis by
monitoring a range of neuroinflammatory markers in mixed
neuron/glia cultures or in the brains of rodents exposed to
various PD-related insults in the absence or presence of extract.

3.4. Conclusions

In summary, our data show that extracts rich in ANC and/or
PAC alleviate rotenone neurotoxicity to a greater extent than
extracts rich in other types of polyphenols, including PA and
stilbenes. We also identified a number of individual ANC that

enhance dopaminergic cell survival in rotenone-treated mid-
brain cultures. These observations are consistent with recent
epidemiological findings suggesting that the consumption of
ANC- or PAC-rich berries reduces PD risk (Gao et al., 2012).
Two extracts (prepared from BB and GS) were found to rescue
rotenone-mediated decreases in mitochondrial respiration,
whereas a PB extract interfered with LPS-induced microglial
activation. In particular, the stimulatory effects of the BB and
GS extracts on mitochondrial respiration may play a key role
in the ability of these extracts to suppress rotenone-mediated
neuronal loss and neurite retraction, given that (i) rotenone
elicits neurotoxicity by inhibiting mitochondrial complex I,
and (ii) mitochondrial function is critical for both neuron
viability and neurite integrity (Celardo et al., 2013; Sherer
et al., 2003b). Nevertheless, the enhancement of mitochon-
drial function does not fully account for the neuroprotective
activities exhibited by the multiple ANC- and PAC-rich
extracts studied here. Rather, multiple protective pathways
may play a role in mitigating neurotoxicity. Thus, the primary
cell culture model used in this study appears highly sui-
table for screening potentially neuroprotective extracts or
compounds because it recapitulates a range of pro-survival
mechanisms spanning multiple cell types. Importantly, neu-
roprotective ANC identified from such screens could alleviate
nigral dopaminergic cell death in vivo given that they can be
delivered as intact glycosides to mammalian brain (Andres-
Lacueva et al.,, 2005; Ho et al., 2013; Janle et al., 2010; Milbury
and Kalt, 2010; Talavera et al., 2005; Wang et al., 2013), and
the bioavailability and neuroprotective activity of these com-
pounds could be enhanced further through the development
of semi-synthetic derivatives (Lee, 2010). ANC- and PAC-rich
extracts or their individual polyphenolic constituents may
prove beneficial as agents to lower the risk of PD and/or slow
disease progression.

4. Experimental procedures
4.1.  Materials

Unless otherwise stated, chemicals were obtained from
Sigma Chemical Co. (St. Louis, MO). The MES23.5 mouse-rat
hybrid dopaminergic cell line was provided by Dr. Dennis
Selkoe (Brigham and Women’s Hospital) with the permission
of Dr. Stanley Appel (Baylor School of Medicine). The BV2
microglial cell line was developed in the laboratory of Dr.
Elisabetta Blasi at the University of Perugia (Blasi et al., 1990)
and provided by Dr. Linda Van Eldik (Northwestern Univer-
sity). Dulbecco’s minimal essential media (DMEM), fetal
bovine serum (FBS), penicillin-streptomycin, and trypsin-
EDTA, were obtained from Invitrogen (Carlsbad, CA). Pure
M3G and C3So for analysis in primary midbrain cultures were
purchased from Carbomer Inc. (San Diego, CA). Cyanidin,
delphinidin, petunidin, and malvidin glycosides used as
standards in HPLC analyses were obtained from Polyphenols
Laboratories (Sandnes, Norway). Catechin and epicatechin
standards were obtained from Chromadex (Laguna Hills,
CA). Polytetrafluoroethylene (PTFE) filters were obtained from
Fisher Scientific (Pittsburgh, PA). The bicinchoninic (BCA)
protein assay kit was obtained from Pierce Biotechnology
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(Rockford, IL). Oxygen Biosensor 96-well plates were pur-
chased from BD Biosciences (San Jose, CA). The Griess nitrite
assay kit was purchased from Promega (Madison, WI).

4.2. Antibodies

The following antibodies were used in these studies: chicken
anti-MAP2 (EnCor Biotechnology; Gainesville, FL); rabbit anti-
TH (Millipore, Billerica, MA); anti-rabbit IgG-Alexa Fluor 488 and
anti-chicken IgG-Alexa Fluor 594 (Invitrogen, Carlsbad, CA).

4.3.  Preparation of botanical extracts

Plant specimens were first authenticated relative to species
identity either by botanical or chemical taxonomic identifica-
tion. A BB extract was prepared from Vaccinium corymbosum
berries (highbush variety from a local farm in Lowell, IN) as
described (Joseph et al., 1999). Briefly, frozen blueberries were
combined with H,0 in a 1:1 (w/v) ratio, and the mixture was
homogenized in a blender. The homogenized suspension was
spun down at 13,000 rpm for 20 min at 4 °C to remove plant
debris. The supernatant was frozen and lyophilized, and the
freeze-dried extract was stored at —80 °C. Plums and pitted
prunes (Kirkland Sunsweet variety) were extracted with 80%
(v/v) methanol, 0.3% (v/v) trifluoroacetic acid (TFA), the
extract was filtered, and organic solvent was removed by
evaporation. The remaining aqueous concentrate was freeze-
dried to afford the crude extract. A BC extract was prepared
by pressing fresh fruits obtained from Just the Berries Ltd.
(Los Angeles, CA) in a grape press to separate skin from juice.
Pressed skins were rinsed with water to remove sugars and
extracted with 80% (v/v) ethanol. Solvent was removed and
the BC concentrate was freeze dried. To manually prepare a
grape skin extract, the skin of fresh purple table grapes (Vitis
vinifera) was carefully peeled off the fruit, stored at —20 °C,
and extracted using a kitchen model blender with methanol
at a 1:1 ratio (w/v) (Wu et al., 2005). The extract was then
lyophilized. A grape seed extract (V. vinifera) was obtained
from iBioCeuticals LLC (Eastham, MA). Chinese mulberry
(Morus australis) was first identified and then manually
collected in Edison, New Jersey. An extract was prepared
from freshly ground bark material by extraction with 80%
(v/v) ethanol. Extracts were prepared from hibiscus (Hibiscus
sabdariffa) using two sources of the variety Vimto (SN26 and
dark red) as described (Juliani et al., 2009). Purple basil (PB)
was prepared from field-grown basil variety Red Rubin
(Johnny’s Selected Seeds, Albion, ME) at the Rutgers Agricul-
tural Experiment Station (Pittstown, NJ) as described (Juliani
et al., 2009; Phippen and Simon, 1998; Wu et al., 2005).

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

4.4.  Folin-Ciocalteu assay to determine total phenolic
concentrations

The total phenolic concentration in each extract was deter-
mined using the Folin-Ciocalteu assay (Waterhouse, 2002).

Briefly, 20 pL of botanical sample (0.1-10 mg/mL) or gallic acid
(0.05-2 mg/mL) was mixed with 1.58 mL of H,O and 100 pL of
the Folin-Ciocalteu reagent in a 4.0 mL UV-vis cuvette. After
incubating for 1-8 min, 300 uL of Na,CO; (200 mg/mL) was
added with careful mixing, and the solution was incubated
for an additional 2 h. Absorbance was measured at 765 nm
using a Cary 3 UV-vis spectrophotometer (Varian Inc., Cary,
NC). The total phenolic concentration in each extract was
calculated as the gallic acid equivalent.

4.5.  HPLC analysis and purification of ANC

HPLC analysis of ANC in botanical extracts was carried out
using an Agilent 1200 HPLC (Agilent Technologies Inc., Santa
Clara, CA) with a diode array detector, an autosampler, and a
controlled-temperature column compartment. Chemstation
software was used to control the system and process the
data. ANC were separated using a reversed phase Supelcosil-
LC18 column, 250 mm x 4.6 mm x 5 pym (Supelco Inc., Belle-
fonte, PA). The mobile phase consisted of 5% (v/v) formic acid
in H,0 (A) and 100% methanol (B). The flow rate was constant
at 1 mL/min with a step gradient of 10%, 15%, 20%, 25%, 30%,
60%, 10% and 10% of solvent B at 0, 5, 15, 20, 25, 45, 47 and
60 min, respectively, with 30 °C constant temperature. Sam-
ples were prepared by dissolving 5 mg in 1 mL methanol and
filtering through a 0.2 pm PTFE filter before injecting 10 pL
onto the HPLC system. Five solutions of C3G at 0.5, 0.25, 0.125,
0.063, and 0.031 mg/mL were prepared in methanol and
injected (5pL) onto the HPLC system (prior to the ANC
samples) as external standards. ANC were quantified using
a linear regression of standard concentration and peak area
monitored at 520 nm (Grace et al., 2009). C3G and D3G were
purified (>95%) from a BC extract by high performance
counter-current chromatography (Armen instrument,
St-Ave, France) (Mbeunkui et al., 2012). The identities of
ANC in fruit extracts and of purified C3G and D3G were
confirmed by LC-MS as outlined in Section 4.6.

4.6.  LC-MS analysis of ANC, PAC, and PA

LC-MS analysis of ANC, PAC, and PA was carried out using an
Agilent accurate mass time-of-flight LG/MS instrument (Agilent
Technologies, Wilmington, DE). The separation was performed
using an Onyx monolithic C18 column (4.6 mm x 100 mm)
(Phenomenex, Torrance, CA) with a binary solvent system
composed of 0.1% (v/v) formic acid in H,O (mobile phase A)
and 0.1% (v/v) formic acid in methanol (mobile phase B).
Samples (5uL of each extract) were injected onto the HPLC
system and eluted into the ion source at a flow rate of
0.8 mL/min with the following gradient parameters: 5-20% B
over 5 min, 20-50% B over 10 min, 50-95% B over 2 min, isocratic
at 95% B for 1 min, and return to 5% B over 2 min. The column
was re-equilibrated under initial conditions (5% B) for 10 min
prior to the next injection. The instrument was calibrated to
<1ppm error in mass accuracy with an external standard of
ESI tuning mix (Agilent Technologies, Wilmington, DE). Agilent
MassHunter Workstation software was used for data analysis.

Standard solutions of PAC and PA (10-100 pg/mlL) were
prepared in 50% (v/v) methanol/H,0, and aliquots of each
stock solution were diluted to different concentrations in the
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calibration range of 40-200 ng/mL. A calibration curve was
generated by plotting the mean peak area for each external
standard (determined from three runs) against the concen-
tration. The concentration of each compound in an extract
identified on the basis of retention time and mass was
calculated from its peak area using the standard calibration
curve.

4.7.  HPLC analysis of stilbenes

HPLC analysis of stilbenes was conducted using the Agilent
1200 HPLC system described in Section 4.5. The separation was
performed using a reversed-phase Supelcosil-LC-18 column,
250 mm x 4.6 mm x 5 pm (Supelco, Bellefonte, PA). The mobile
phase consisted of 5% (v/v) acetonitrile in H,0 (0.1% v/v acetic
acid) (A) and 95% (v/v) acetonitrile in H,O (0.1% v/v acetic acid)
(B). The flow rate was 1mL/min with the following step
gradient of B in A: 5% (0-5min), 30% (5-40min), 60% (40-
45 min), 90% (45-50 min), isocratic for 5 min, 0% (55-60 min) at
a constant temperature (40 °C). Compounds were identified by
comparison with reference standards and quantified as the
resveratrol equivalent.

4.8. Polyphenolic enrichment by SPE

Polyphenolic enrichment was carried out using a C18 SPE
cartridge type 1000 mg/6 mL (Grace Inc., Deerfield, IL). The
cartridge was conditioned with 3-5 mL methanol and rinsed
with 5mL H,0. The cartridge was loaded with freeze-dried
botanical samples (~100 mg dissolved in ~2 mL H,0) and
washed with 20 mL deionized H,O to remove sugars (ANC
and other polyphenols were retained). Acidified methanol
(0.3%TFA, v/v) was used to elute polyphenols from the
column. The polyphenol-rich, sugar-free extract was dried
down under reduced pressure. An aliquot (5 mg) dissolved in
100% methanol and filtered through a 0.2 ym PTFE membrane
was analyzed via HPLC or LC-MS as outlined above.

4.9.  Preparation of primary mesencephalic cultures

Primary midbrain cultures were prepared via dissection of
E17 embryos obtained from pregnant Sprague-Dawley rats
(Harlan, Indianapolis, IN) as described previously (Liu et al,,
2008a, 2008b). All of the procedures involving animal hand-
ling were approved by the Purdue Animal Care and Use
Committee. The mesencephalic region containing the sub-
stantia nigra and ventral tegmental area was isolated stereo-
scopically, and the cells were dissociated with trypsin (final
concentration, 26 pg/mL in 0.9% [w/v] NaCl). The cells were
plated in the wells of a 48-well plate (pretreated with poly-t-
lysine, 5 pg/mL) at a density of 163,500 cells per well in media
consisting of DMEM, 10% (v/v) fetal bovine serum, 10% (v/v)
horse serum, penicillin (100 U/mL), and streptomycin (100 pg/
mlL). Five days after plating, the cells were treated with
cytosine arabinofuranoside (20 uM, 48 h) to inhibit the growth
of glial cells. At this stage (7 days in vitro), ~50% of the total
cell population consisted of glial cells, and the neurons
appeared differentiated with extended processes.

4.10.  Treatment of primary midbrain cultures

Primary cultures (7 days in vitro) were incubated in the
presence of botanical extract or compound (or the corre-
sponding vehicle) for 72 h. Next, the cultures were incubated
in fresh media containing rotenone (100 nM) plus extract,
compound, or vehicle for an additional 24 h. Alternatively,
primary cultures incubated in the absence or presence of
extract for 66 h were incubated in fresh media (minus extract)
for 6 h and then exposed to rotenone (100 nM) in the absence
of extract for 24 h. Control cultures were incubated in media
without rotenone, extract, or compound.

The cultures were fixed, permeabilized, and blocked as
described (Liu et al., 2008a, 2008b). After washing with
phosphate buffered saline (PBS) (136 mM NacCl, 0.268 mM
KCl, 10 mM Na,HPO,, 1.76 mM KH,POy, pH 7.4), the cells were
treated overnight at 4 °C with primary antibodies specific for
MAP2 (1:1000) and TH (1:500). The cells were then washed
with PBS and treated 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 4',6-diamidino-2-pheny-
lindole (DAPI) was then applied to each culture well before
adding a coverslip.

4.11.  Measurement of primary neuron viability
and neurite number

Relative dopaminergic cell viability was determined by count-
ing MAP2- and TH-immunoreactive neurons using a Nikon
TE2000-U inverted fluorescence microscope (Nikon Instru-
ments, Melville, NY) with a 20 x objective. The data were
expressed as the percentage of MAP2" neurons that were
also TH* (this ratiometric approach was used to correct
for variations in cell plating density). Each experiment
was carried out at least 2 times using embryonic cultures
prepared from different pregnant rats. Approximately 300
500 MAP2" neurons were counted per experiment for each
condition.

Neurite numbers were assessed by determining the per-
centage of TH* neurons with 0 neurites using a Nikon TE2000-
U inverted fluorescence microscope with a 20 x objective.
Neurites of MAP2*/TH* neurons were counted by examining
the MAP2 stain based on the fact that MAP2 is a classic marker
of the dendritic cytoskeleton (Bernhardt and Matus, 1984). To
generate the fluorescence microscopy images in Fig. 2D, pri-
mary midbrain cultures were plated on coverslips (preincu-
bated with poly-L-lysine, 5pg/mlL) in the wells of a 48-well
plate and treated as described above. Representative images of
immunostained neurons under different treatment conditions
were taken using a Nikon AIR/A1 confocal microscope with a
60 x objective.

4.12. 0, consumption assay

MES23.5 neuronal cells derived from rat midbrain (Liu et al,,
20082) were seeded at 40,000 cells per well in a 96-well
Oxygen Biosensor plate (embedded with an O,-sensitive
fluorophore) for 24 h. The cells were treated with rotenone
(100nM) in the absence or presence of botanical extract.
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Control cells were incubated in the absence of rotenone or
extract. After 24h, the plate was analyzed with a Tecan
Spectrafluor Plus microplate reader (excitation and emission
wavelengths, 485 nm and 620 nm). Mean fluorescence data
from duplicate or triplicate wells in three independent
experiments were normalized to control values.

4.13.  Nitrite release assay

Activation of the BV2 microglial cell line was monitored by
assaying nitrite levels in the culture media (an indirect
measurement of NO release) as described (Lau et al., 2007a).
BV2 cells were seeded in duplicate wells of a 12-well plate at a
cell density of 100,000 cells/well in media containing DMEM,
10% (v/v) FBS, penicillin (100 U/mL), and streptomycin (100 pg/
mL), pH 7.4. After 24 h, the cells were washed twice with PBS
and then pre-incubated with botanical extract or vehicle for
2 h in phenol red-free, serum-free media. LPS (prepared as a
1 mg/mL stock solution in H,0) was then added to a final
concentration of 120 endotoxin units (EU)/mL, and the cells
were incubated for 24h. Controls cells were incubated in
the absence of LPS or extract. Cell-conditioned media was
removed and assayed spectrophotometrically for nitrite levels
using a Griess kit (absorbance wavelength, 548 nm). The
remaining cells in each well were harvested and lysed in
radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-
HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100,
0.1% (w/v) SDS, 1% (w/v) sodium deoxycholate, protease
inhibitor cocktail (Sigma), 1 mM phenylmethylsulfonylfluor-
ide), and the protein concentration of the lysates was deter-
mined using a BCA kit. Nitrite concentrations were normalized
to the protein concentration (umol nitrite/g of protein) and
expressed as a percentage of the control value.

4.14.  Statistical analyses

Statistical analyses were carried out by one-way ANOVA with
the Newman-Keuls post-test using GraphPad Prism, Version
5.0 (http://www.graphpad.com/prism/Prism.htm).

Acknowledgments

This work was supported by NIH grants RO3 AG027123 and
R21 AG039718; a Pilot Grant from the Purdue-UAB Botanicals
Research Center (NIH P50 AT000477-06); a Collaboration in
Biomedical Research Grant (CBR4) from Purdue University
and Indiana University School of Medicine; and a grant from
the Showalter Trust. The research described herein was
conducted in a facility constructed with support from
Research Facilities Improvement Program Grant Nos. C06-
14499 and C06-15480 from the National Center for Research
Resources of the NIH. We thank Fang Liu for assistance in
preparing primary mesencephalic cultures, Dr. Dennis Selkoe
and Dr. Stanley Appel for providing the MES23.5 cells, and Dr.
Linda Van Eldik and Dr. Elisabetta Blasi for providing the
BV2 cells.

Appendix A. Supporting information

Supplementary data associated with this article can be found

in the online version at: http://dx.doi.org/10.1016/j.brainres.
2014.01.047.

REFERENCES

Abd El Mohsen, M.M., Kuhnle, G., Rechner, A.R., Schroeter, H.,
Rose, S., Jenner, P, Rice-Evans, C.A., 2002. Uptake and
metabolism of epicatechin and its access to the brain after
oral ingestion. Free Radic. Biol. Med. 33, 1693-1702.

Albarracin, S.L., Stab, B., Casas, Z., Sutachan, J.J., Samudio, I.,
Gonzalez, J., Gonzalo, L., Capani, F, Morales, L., Barreto, G.E.,
2012. Effects of natural antioxidants in neurodegenerative
disease. Nutr. Neurosci. 15, 1-9.

Andres-Lacueva, C., Shukitt-Hale, B., Galli, R.L., Jauregui, O.,
Lamuela-Raventos, R.M., Joseph, J.A., 2005. Anthocyanins in
aged blueberry-fed rats are found centrally and may enhance
memory. Nutr. Neurosci. 8, 111-120.

Bernhardt, R., Matus, A., 1984. Light and electron microscopic
studies of the distribution of microtubule-associated protein 2
in rat brain: a difference between dendritic and axonal
cytoskeletons. J. Comp. Neurol. 226, 203-221.

Betarbet, R., Sherer, T.B., MacKenzie, G., Garcia-Osuna, M., Panov,
AV, Greenamyre, J.T., 2000. Chronic systemic pesticide
exposure reproduces features of Parkinson’s disease. Nat.
Neurosci. 3, 1301-1306.

Blanchet, J., Longpre, F., Bureau, G., Morissette, M., DiPaolo, T.,
Bronchti, G., Martinoli, M.G., 2008. Resveratrol, a red wine
polyphenol, protects dopaminergic neurons in MPTP-treated
mice. Prog Neuropsychopharmacol. Biol. Psychiatry 32,
1243-1250.

Blasi, E., Barluzzi, R., Bocchini, V., Mazzolla, R., Bistoni, F., 1990.
Immortalization of murine microglial cells by a v-raf/v-myc
carrying retrovirus. J. Neuroimmunol. 27, 229-237.

Block, M.L., Zecca, L., Hong, J.S., 2007. Microglia-mediated
neurotoxicity: uncovering the molecular mechanisms. Nat.
Rev. Neurosci. 8, 57-69.

Brewer, G.J., Torricelli, J.R., Lindsey, A.L., Kunz, E.Z., Neuman, A.,
Fisher, D.R., Joseph, J.A., 2010. Age-related toxicity of amyloid-
beta associated with increased pERK and pCREB in primary
hippocampal neurons: reversal by blueberry extract. J. Nutr.
Biochem. 21, 991-998.

Careri, M., Corradini, C., Elviri, L., Nicoletti, I., Zagnoni, I., 2003.
Direct HPLC analysis of quercetin and trans-resveratrol in red
wine, grape, and winemaking byproducts. J. Agric. Food Chem.
51, 5226-5231.

Carey, A.N., Fisher, D.R., Rimando, A.M., Gomes, S.M., Bielinski,
D.F, Shukitt-Hale, B., 2013. Stilbenes and anthocyanins reduce
stress signaling in BV-2 mouse microglia. J. Agric. Food Chem.
61, 5979-5986.

Celardo, I., Martins, L.M., Gandhi, S., 2013. Unravelling
mitochondrial pathways to Parkinson’s disease. Br. J.
Pharmacol..

Chao, J,, Yu, M.S,, Ho, Y.S., Wang, M., Chang, R.C., 2008. Dietary
oxyresveratrol prevents parkinsonian mimetic
6-hydroxydopamine neurotoxicity. Free Radic. Biol. Med. 45,
1019-1026

Chao, J,, Leung, Y., Wang, M., Chang, R.C., 2012. Nutraceuticals
and their preventive or potential therapeutic value in
Parkinson’s disease. Nutr. Rev. 70, 373-386.

Choi, J.Y., Park, C.S., Kim, D.J., Cho, M.H,, Jin, B.K., Pie, J.E,,
Chung, W.G., 2002. Prevention of nitric oxide-mediated

Please cite this article as: Strathearn, K.E., et al., Neuroprotective effects of anthocyanin- and proanthocyanidin-rich extracts
in cellular models of Parkinson's disease. Brain Research (2014), http://dx.doi.org/10.1016/j.brainres.2014.01.047

Q3

1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032


dx.doi.org/doi:10.1016/j.brainres.2014.01.047
dx.doi.org/doi:10.1016/j.brainres.2014.01.047
dx.doi.org/10.1016/j.brainres.2014.01.047
dx.doi.org/10.1016/j.brainres.2014.01.047
dx.doi.org/10.1016/j.brainres.2014.01.047

2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050
2051
2052
2053
2054
2055
2056
2057
2058
2059
2060
2061
2062
2063
2064
2065
2066
2067
2068
2069
2070
2071
2072
2073
2074
2075
2076
2077
2078
2079
2080
2081
2082
2083
2084
2085
2086
2087
2088
2089
2090
2091
2092

BRES : 43396

BRAIN RESEARCH I (RREN) RRE-NI1 17

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced
Parkinson’s disease in mice by tea phenolic epigallocatechin
3-gallate. Neurotoxicology 23, 367-374.

Conway, K.A., Rochet, J.-C., Bieganski, R.M., Lansbury Jr., PT,,
2001. Kinetic stabilization of the a-synuclein protofibril by a
dopamine-a-synuclein adduct. Science 294, 1346-1349.

Datla, K.P.,, Zbarsky, V., Rai, D., Parkar, S., Osakabe, N., Aruoma,
O.L, Dexter, D.T., 2007. Short-term supplementation with
plant extracts rich in flavonoids protect nigrostriatal
dopaminergic neurons in a rat model of Parkinson’s disease.
J. Am. Coll. Nutr. 26, 341-349.

Del Rio, D., Rodriguez-Mateos, A., Spencer, J.P., Tognolini, M.,
Borges, G., Crozier, A., 2013. Dietary (poly)phenolics in human
health: structures, bioavailability, and evidence of protective
effects against chronic diseases. Antioxid. Redox Signal. 18,
1818-1892.

Du, Q., Zheng, J., Xu, Y., 2008. Composition of anthocyanins in
mulberry and their antioxidant activity. J. Food Compos. Anal.
21, 390-395.

Duffy, K.B., Spangler, E.L., Devan, B.D., Guo, Z., Bowker, J.L., Janas,
AM., Hagepanos, A., Minor, R.K., DeCabo, R., Mouton, PR,
Shukitt-Hale, B., Joseph, J.A., Ingram, D.K., 2008. A blueberry-
enriched diet provides cellular protection against oxidative
stress and reduces a kainate-induced learning impairment in
rats. Neurobiol. Aging 29, 1680-1689.

Gao, H.M., Hong, J.S., Zhang, W,, Liu, B., 2002. Distinct role for
microglia in rotenone-induced degeneration of dopaminergic
neurons. J. Neurosci. 22, 782-790.

Gao, X., Cassidy, A., Schwarzschild, M.A., Rimm, E.B., Ascherio, A.,
2012. Habitual intake of dietary flavonoids and risk of
Parkinson disease. Neurology 78, 1138-1145.

Grace, M.H., Yousef, G.G., Kurmukov, A.G., Raskin, I, Lila, M.A.,
2009. Phytochemical characterization of an adaptogenic
preparation from Rhodiola heterodonta. Nat. Prod. Commun. 4,
1053-1058.

Graham, D.G., 1978. Oxidative pathways for catecholamines in
the genesis of neuromelanin and cytotoxic quinones. Mol.
Pharmacol. 14, 633-643.

Guo, S, Yan, J.,, Yang, T, Yang, X., Bezard, E., Zhao, B., 2007.
Protective effects of green tea polyphenols in the 6-OHDA rat
model of Parkinson’s disease through inhibition of ROS-NO
pathway. Biol. Psychiatry 62, 1353-1362.

Ho, L., Ferruzzi, M.G,, Janle, E.M., Wang, J., Gong, B., Chen, T'Y.,
Lobo, J., Cooper, B., Wu, Q.L., Talcott, S.T., Percival, S.S., Simon,
J.E., Pasinetti, G.M., 2013. Identification of brain-targeted
bioactive dietary quercetin-3-O-glucuronide as a novel
intervention for Alzheimer’s disease. Faseb J. 27, 769-781.

Hokayem, M., Blond, E., Vidal, H., Lambert, K., Meugnier, E.,
Feillet-Coudray, C., Coudray, C., Pesenti, S., Luyton, C.,
Lambert-Porcheron, S., Sauvinet, V., Fedou, C., Brun, J.F,
Rieusset, J.,, Bisbal, C., Sultan, A., Mercier, J., Goudable, J.,
Dupuy, A.M., Cristol, J.P,, Laville, M., Avignon, A., 2013. Grape
polyphenols prevent fructose-induced oxidative stress and
insulin resistance in first-degree relatives of type 2 diabetic
patients. Diabetes Care 36, 1454-1461.

Janle, E.M,, Lila, M.A., Grannan, M., Wood, L., Higgins, A., Yousef,
G.G., Rogers, R.B., Kim, H., Jackson, G.S., Ho, L., Weaver, C.M.,
2010. Pharmacokinetics and tissue distribution of 14C-labeled
grape polyphenols in the periphery and the central nervous
system following oral administration. . Med. Food 13, 926-933.

Joseph, J.A., Shukitt-Hale, B., Denisova, N.A., Bielinski, D., Martin,
A., McEwen, J.J., Bickford, P.C., 1999. Reversals of age-related
declines in neuronal signal transduction, cognitive, and motor
behavioral deficits with blueberry, spinach, or strawberry
dietary supplementation. J. Neurosci. 19, 8114-8121.

Joseph, J.A., Shukitt-Hale, B., Brewer, G.J.,, Weikel, K.A., Kalt, W,,
Fisher, D.R., 2010. Differential protection among fractionated
blueberry polyphenolic families against DA-, Abeta(42)- and

LPS-induced decrements in Ca(2+) buffering in primary
hippocampal cells. J. Agric. Food Chem. 58, 8196-8204.

Juliani, H.R., Welch, C.R., Wu, Q., Diouf, B., Malainy, D., Simon, J.E.,
2009. Chemistry and quality of Hibiscus (Hibiscus sabdariffa) for
developing the natural-product industry in Senegal. J. Food
Sci. 74, S113-S121.

Kao, E.S., Hsu, ].D., Wang, CJ., Yang, S.H., Cheng, S.Y,, Lee, HJ.,
2009. Polyphenols extracted from Hibiscus sabdariffa L.
inhibited lipopolysaccharide-induced inflammation by
improving antioxidative conditions and regulating
cyclooxygenase-2 expression. Biosci. Biotechnol. Biochem. 73,
385-390.

Keeney, PM., Xie, J., Capaldi, R.A., Bennett Jr., J.P., 2006.
Parkinson’s disease brain mitochondrial complex I has
oxidatively damaged subunits and is functionally impaired
and misassembled. J. Neurosci. 26, 5256-5264.

Khan, M.M., Ahmad, A., Ishrat, T., Khan, M.B., Hoda, M.N.,
Khuwaja, G., Raza, S.S., Khan, A., Javed, H., Vaibhav, K.,
Islam, F.,, 2010. Resveratrol attenuates 6-hydroxydopamine-
induced oxidative damage and dopamine depletion in rat
model of Parkinson’s disease. Brain Res. 1328, 139-151.

Kim, H.G., Ju, M.S., Shim, J.S., Kim, M.C,, Lee, S.H., Huh, Y,

Kim, S.Y., Oh, M.S., 2010. Mulberry fruit protects dopaminergic
neurons in toxin-induced Parkinson’s disease models. Br. J.
Nutr. 104, 8-16.

Lagoa, R., Graziani, I., Lopez-Sanchez, C., Garcia-Martinez, V.,
Gutierrez-Merino, C., 2011. Complex I and cytochrome c are
molecular targets of flavonoids that inhibit hydrogen peroxide
production by mitochondria. Biochim. Biophys. Acta 1807,
1562-1572.

Lagouge, M., Argmann, C., Gerhart-Hines, Z., Meziane, H., Lerin,
C., Daussin, F., Messadeq, N., Milne, J., Lambert, P,

Elliott, P, Geny, B., Laakso, M., Puigserver, P., Auwerx, J., 2006.
Resveratrol improves mitochondrial function and protects
against metabolic disease by activating SIRT1 and PGC-1alpha.
Cell 127, 1109-1122.

Lau, F.C., Bielinski, D.F, Joseph, J.A., 2007a. Inhibitory effects of
blueberry extract on the production of inflammatory
mediators in lipopolysaccharide-activated BV2 microglia. J.
Neurosci. Res. 85, 1010-1017.

Lau, EC., Shukitt-Hale, B., Joseph, J.A., 2007b. Nutritional intervention
in brain aging: reducing the effects of inflammation and oxidative
stress. Subcell Biochem. 42, 299-318.

Lee, K.H., 2010. Discovery and development of natural product-
derived chemotherapeutic agents based on a medicinal
chemistry approach. J. Nat. Prod. 73, 500-516.

Levites, Y., Weinreb, O., Maor, G., Youdim, M.B., Mandel, S., 2001.
Green tea polyphenol (-)-epigallocatechin-3-gallate prevents
N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced
dopaminergic neurodegeneration. . Neurochem. 78,
1073-1082.

Liu, F, Hindupur, J., Nguyen, J.L., Ruf, K.J., Zhu, J., Schieler, J.L.,
Bonham, C.C., Wood, K.V., Davisson, V.J., Rochet, J.C., 2008a.
Methionine sulfoxide reductase A protects dopaminergic cells
from Parkinson’s disease-related insults. Free Radic. Biol. Med.
45, 242-255.

Liu, F, Nguyen, J.L., Hulleman, J.D., Li, L., Rochet, J.-C., 2008b.
Mechanisms of DJ-1 neuroprotection in a cellular model of
Parkinson’s disease. J. Neurochem. 105, 2435-2453.

Mbeunkui, F., Grace, M.H., Yousef, G.G., Lila, M.A., 2012. Isolation
and characterization of flavonols from blackcurrant by high-
performance counter-current chromatography and
electrospray ionization tandem mass spectrometry. J. Sep. Sci.
35, 1682-1689.

Mercer, L.D., Kelly, B.L., Horne, M.K., Beart, P.M., 2005. Dietary
polyphenols protect dopamine neurons from oxidative insults
and apoptosis: investigations in primary rat mesencephalic
cultures. Biochem. Pharmacol. 69, 339-345.

Please cite this article as: Strathearn, K.E., et al., Neuroprotective effects of anthocyanin- and proanthocyanidin-rich extracts
in cellular models of Parkinson's disease. Brain Research (2014), http://dx.doi.org/10.1016/j.brainres.2014.01.047

2093
2094
2095
2096
2097
2098
2099
2100
2101
2102
2103
2104
2105
2106
2107
2108
2109
2110
2111
2112
2113
2114
2115
2116
2117
2118
2119
2120
2121
2122
2123
2124
2125
2126
2127
2128
2129
2130
2131
2132
2133
2134
2135
2136
2137
2138
2139
2140
2141
2142
2143
2144
2145
2146
2147
2148
2149
2150
2151
2152


dx.doi.org/10.1016/j.brainres.2014.01.047
dx.doi.org/10.1016/j.brainres.2014.01.047
dx.doi.org/10.1016/j.brainres.2014.01.047

2153
2154
2155
2156
2157
2158
2159
2160
2161
2162
2163
2164
2165
2166
2167
2168
2169
2170
2171
2172
2173
2174
2175
2176
2177
2178
2179
2180
2181
2182
2183
2184
2185
2186
2187
2188
2189
2190
2191
2192
2193
2194
2195
2196
2197
2198
2199
2200
2201
2202
2203
2204

BRES : 43396

18 BRAIN RESEARCH I (REEN) IRE-H11

Milbury, P.E., Kalt, W., 2010. Xenobiotic metabolism and berry
flavonoid transport across the blood-brain barrier. J. Agric.
Food Chem. 58, 3950-3956.

Mirzaei, H., Schieler, J.L., Rochet, J.-C., Regnier, F., 2006.
Identification of rotenone-induced modifications in a-
synuclein using affinity pull-down and tandem mass
spectrometry. Anal. Chem. 78, 2422-2431.

Moreira, E.L., Rial, D., Aguiar Jr., A.S., Figueiredo, C.P,, Siqueira,
J.M., DalBo, S., Horst, H., de Oliveira, J., Mancini, G., dos Santos,
T.S., Villarinho, ]J.G., Pinheiro, F.V., Marino-Neto, J., Ferreira, J.,
De Bem, A.F, Latini, A., Pizzolatti, M.G., Ribeiro-do-Valle, R.M.,
Prediger, R.D., 2010. Proanthocyanidin-rich fraction from
Croton celtidifolius Baill confers neuroprotection in the
intranasal 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine rat
model of Parkinson’s disease. J. Neural Transm. 117,
1337-1351.

Morin, C., Zini, R., Albengres, E., Bertelli, A.A., Bertelli, A.,
Tillement, J.P.,, 2003. Evidence for resveratrol-induced
preservation of brain mitochondria functions after hypoxia-
reoxygenation. Drugs Exp. Clin. Res. 29, 227-233.

Pajuelo, D., Quesada, H., Diaz, S., Fernandez-Iglesias, A.,
Arola-Arnal, A., Blade, C., Salvado, J., Arola, L., 2012. Chronic
dietary supplementation of proanthocyanidins corrects the
mitochondrial dysfunction of brown adipose tissue caused by
diet-induced obesity in Wistar rats. Br. J. Nutr. 107, 170-178.

Phippen, W.B., Simon, J.E., 1998. Anthocyanins in Basil (Ocimum
basilicum L.). J. Agric. Food Chem. 46, 1734-1738.

Piga, A., Del Caro, A., Corda, G., 2003. From plums to prunes:
influence of drying parameters on polyphenols and
antioxidant activity. J. Agric. Food Chem. 51, 3675-3681.

Ramassamy, C., 2006. Emerging role of polyphenolic compounds
in the treatment of neurodegenerative diseases: a review of
their intracellular targets. Eur. J. Pharmacol. 545, 51-64.

Rochet, J.C., Hay, B.A., Guo, M., 2012. Molecular insights into
Parkinson’s disease. Prog. Mol. Biol. Transl. Sci. 107, 125-188.

Roghani, M., Niknam, A., Jalali-Nadoushan, M.R., Kiasalari, Z.,
Khalili, M., Baluchnejadmojarad, T., 2010. Oral pelargonidin
exerts dose-dependent neuroprotection in 6-
hydroxydopamine rat model of hemi-parkinsonism. Brain
Res. Bull. 82, 279-283.

Sherer, T.B., Betarbet, R., Kim, J.H., Greenamyre, J.T., 2003a.
Selective microglial activation in the rat rotenone model of
Parkinson’s disease. Neurosci. Lett. 341, 87-90.

Sherer, T.B., Betarbet, R., Testa, C.M., Seo, B.B., Richardson, J.R.,
Kim, J.H., Miller, G.W,, Yagi, T., Matsuno-Yagi, A., Greenamyre,
J.T., 2003b. Mechanism of toxicity in rotenone models of
Parkinson’s disease. J. Neurosci. 23, 10756-10764.

Shukitt-Hale, B., Kalt, W., Carey, A.N., Vingvist-Tymchuk, M.,
McDonald, J., Joseph, J.A., 2009. Plum juice, but not dried plum
powder, is effective in mitigating cognitive deficits in aged
rats. Nutrition 25, 567-573.

Song, ].X., Sze, S.C., Ng, T.B,, Lee, CK., Leung, G.P,, Shaw, P.C,,
Tong, Y., Zhang, Y.B., 2012. Anti-Parkinsonian drug discovery
from herbal medicines: what have we got from neurotoxic
models?. J. Ethnopharmacol. 139, 698-711.

Spillantini, M.G., Schmidt, M.L., Lee, V.M.-Y., Trojanowski, ].Q.,
Jakes, R., Goedert, M., 1997. a-Synuclein in Lewy bodies.
Nature 388, 839-840.

Stromberg, 1., Gemma, C., Vila, J., Bickford, P.C., 2005. Blueberry-
and spirulina-enriched diets enhance striatal dopamine
recovery and induce a rapid, transient microglia activation
after injury of the rat nigrostriatal dopamine system. Exp.
Neurol. 196, 298-307.

Talavera, S., Felgines, C., Texier, O., Besson, C., Gil-Izquierdo, A.,
Lamaison, J.L., Remesy, C., 2005. Anthocyanin metabolism in
rats and their distribution to digestive area, kidney, and brain.
J. Agric. Food Chem. 53, 3902-3908.

Tanner, C.M.,, Kamel, F, Ross, G.W., Hoppin, J.A., Goldman, S.M.,
Korell, M., Marras, C., Bhudhikanok, G.S., Kasten, M., Chade,
AR., Comyns, K., Richards, M.B., Meng, C., Priestley, B.,
Fernandez, H.H., Cambi, F., Umbach, D.M., Blair, A.,

Sandler, D.P.,, Langston, J.W., 2011. Rotenone, Paraquat and
Parkinson’s disease. Environ. Health Perspect. 119, 866-872.
Valenti, D., De Rasmo, D., Signorile, A., Rossi, L., de Bari, L., Scala,

I, Granese, B., Papa, S., Vacca, R.A., 2013. Epigallocatechin-3-

gallate prevents oxidative phosphorylation deficit and
promotes mitochondrial biogenesis in human cells from
subjects with Down’s syndrome. Biochim. Biophys. Acta 1832,
542-552.

Wang, J., Ferruzzi, M.G,, Ho, L., Blount, J., Janle, E.M., Gong, B., Pan,
Y., Gowda, G.A., Raftery, D., Arrieta-Cruz, I., Sharma, V.,
Cooper, B., Lobo, J.,, Simon, J.E., Zhang, C., Cheng, A., Qian, X.,
Ono, K., Teplow, D.B., Pavlides, C., Dixon, R.A., Pasinetti, G.M.,
2012. Brain-targeted proanthocyanidin metabolites for
Alzheimer’s disease treatment. J. Neurosci. 32, 5144-5150.

Wang, J., Tang, C., Ferruzzi, M.G., Gong, B., Song, BJ., Janle, EM.,
Chen, T.Y., Cooper, B., Varghese, M., Cheng, A., Freire, D.,
Bilski, A., Roman, J., Nguyen, T., Ho, L., Talcott, S.T., Simon, J.E.,
Wu, Q., Pasinetti, G.M., 2013. Role of standardized grape
polyphenol preparation as a novel treatment to improve
synaptic plasticity through attenuation of features of
metabolic syndrome in a mouse model. Mol. Nutr. Food Res..

Waterhouse, A.L., 2002. Determination of total phenolics. Curr.
Protoc. Food Analyt. Chem. (11.1.1-11.1.8).

Williams, R.J., Spencer, J.P.,, Rice-Evans, C., 2004. Flavonoids:
antioxidants or signalling molecules?. Free Radic Biol Med. 36,
838-849.

Wu, Q., Wang, M., Simon, J.E., 2005. Determination of
proanthocyanidins in fresh grapes and grape products using
liquid chromatography with mass spectrometric detection.
Rapid Commun. Mass Spectrom. 19, 2062-2068.

Xie, X., Zhao, R., Shen, G.X., 2012. Influence of delphinidin-3-
glucoside on oxidized low-density lipoprotein-induced
oxidative stress and apoptosis in cultured endothelial cells.
J. Agric. Food Chem. 60, 1850-1856.

Zbarsky, V., Datla, K.P,, Parkar, S., Rai, D.K., Aruoma, O.I., Dexter,
D.T., 2005. Neuroprotective properties of the natural phenolic
antioxidants curcumin and naringenin but not quercetin and
fisetin in a 6-OHDA model of Parkinson’s disease. Free Radic.
Res. 39, 1119-1125.

Zini, R., Morin, C., Bertelli, A., Bertelli, A.A., Tillement, J.P., 2002.
Resveratrol-induced limitation of dysfunction of
mitochondria isolated from rat brain in an anoxia-
reoxygenation model. Life Sci. 71, 3091-3108.

Please cite this article as: Strathearn, K.E., et al., Neuroprotective effects of anthocyanin- and proanthocyanidin-rich extracts
in cellular models of Parkinson's disease. Brain Research (2014), http://dx.doi.org/10.1016/j.brainres.2014.01.047

Q4
Q5

2205
2206
2207
2208
2209
2210
2211
2212
2213
2214
2215
2216
2217
2218
2219
2220
2221
2222
2223
2224
2225
2226
2227
2228
2229
2230
2231
2232
2233
2234
2235
2236
2237
2238
2239
2240
2241
2242
2243
2244
2245
2246
2247
2248
2249
2250
2251
2252
2253
2254
2255


dx.doi.org/10.1016/j.brainres.2014.01.047
dx.doi.org/10.1016/j.brainres.2014.01.047
dx.doi.org/10.1016/j.brainres.2014.01.047

	Neuroprotective effects of anthocyanin- and proanthocyanidin-rich extracts in cellular models of Parkinson's disease
	Introduction
	Results
	Study design
	Neuroprotective activities of ANC-rich extracts
	Neuroprotective activities of extracts rich in PAC and PA
	Neuroprotective activities of extracts rich in stilbenes
	Neuroprotective activities of extracts purified by SPE
	Neuroprotective activities of post-C18 extracts normalized to polyphenol content
	Neuroprotective effects of individual ANC
	Effects of ANC- and PAC-rich extracts on mitochondrial respiration
	Effects of ANC- and PAC-rich extracts on microglial activation

	Discussion
	ANC- and PAC-rich extracts protect primary dopaminergic neurons against rotenone neurotoxicity
	A subset of individual ANC protect against rotenone neurotoxicity
	Mechanisms by which ANC and PAC alleviate neurodegeneration
	Conclusions

	Experimental procedures
	Materials
	Antibodies
	Preparation of botanical extracts
	Folin–Ciocalteu assay to determine total phenolic concentrations
	HPLC analysis and purification of ANC
	LC–MS analysis of ANC, PAC, and PA
	HPLC analysis of stilbenes
	Polyphenolic enrichment by SPE
	Preparation of primary mesencephalic cultures
	Treatment of primary midbrain cultures
	Measurement of primary neuron viability and neurite number
	O2 consumption assay
	Nitrite release assay
	Statistical analyses

	Acknowledgments
	Supporting information
	References

	bm_43396_bib1
	bm_43396_bib2
	bm_43396_bib3
	bm_43396_bib4
	bm_43396_bib5
	bm_43396_bib6
	bm_43396_bib7
	bm_43396_bib8
	bm_43396_bib9
	bm_43396_bib10
	bm_43396_bib11
	bm_43396_bib12
	bm_43396_bib13
	bm_43396_bib14
	bm_43396_bib15
	bm_43396_bib16
	bm_43396_bib17
	bm_43396_bib18
	bm_43396_bib19
	bm_43396_bib20
	bm_43396_bib21
	bm_43396_bib22
	bm_43396_bib23
	bm_43396_bib24
	bm_43396_bib25
	bm_43396_bib26
	bm_43396_bib27
	bm_43396_bib28
	bm_43396_bib29
	bm_43396_bib30
	bm_43396_bib31
	bm_43396_bib32
	bm_43396_bib33
	bm_43396_bib34
	bm_43396_bib35
	bm_43396_bib36
	bm_43396_bib37
	bm_43396_bib38
	bm_43396_bib39
	bm_43396_bib40
	bm_43396_bib41
	bm_43396_bib42
	bm_43396_bib43
	bm_43396_bib44
	bm_43396_bib45
	bm_43396_bib46
	bm_43396_bib47
	bm_43396_bib48
	bm_43396_bib49
	bm_43396_bib50
	bm_43396_bib51
	bm_43396_bib52
	bm_43396_bib53
	bm_43396_bib54
	bm_43396_bib55
	bm_43396_bib56
	bm_43396_bib57
	bm_43396_bib58
	bm_43396_bib59
	bm_43396_bib60
	bm_43396_bib61
	bm_43396_bib62
	bm_43396_bib63
	bm_43396_bib64
	bm_43396_bib65
	bm_43396_bib66
	bm_43396_bib67
	bm_43396_bib68
	bm_43396_bib69
	bm_43396_bib70
	bm_43396_bib71
	bm_43396_bib72



