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Anthocyanins are being increasingly investigated for their neuroprotective and antineuroinflammatory effects; however, the overall
bioavailability of many anthocyanins is relatively low. In contrast, phenolic acids, metabolites of many polyphenols, including
anthocyanins, have been shown to accumulate in tissue at higher concentrations than those of parent compounds, suggesting
that these metabolites may be the bioactive components of anthocyanin-rich diets. We examined the neuroprotective capacity of
two common phenolic acids, 4-hydroxybenzoic acid (HBA) and protocatechuic acid (PCA), in primary cultures of cerebellar
granule neurons. Both HBA and PCA are capable of mitigating oxidative stress induced by hydrogen peroxide, which is thought
to contribute to neuronal cell death in neurodegeneration. Under conditions of nitrosative stress, which occur during
inflammation in the central nervous system, only PCA was neuroprotective, despite similar structural characteristics between
HBA and PCA. Intriguingly, this trend was reversed under conditions of excitotoxicity, in which only HBA was neuroprotective.
Lastly, we explored the anti-inflammatory activity of these compounds in microglial cells stimulated with lipopolysaccharide.
PCA was an effective anti-inflammatory agent, reducing nitric oxide production, while HBA had no effect. These data indicate
that phenolic acids possess distinct neuroprotective and anti-inflammatory characteristics that could make them suitable for the
treatment of neurodegeneration.

The authors would like to dedicate this article to the memory of
Matthew Brenner whose great love for research made this work possible

1. Introduction

With steady medical advances being made in recent decades,
the human population has enjoyed a considerable increase in
average life expectancy; however, as the population ages, the
incidence of neurodegenerative disease has also increased.
Indeed, disorders including Alzheimer’s disease, Parkinson’s
disease, and amyotrophic lateral sclerosis (ALS) have all seen
a rise in positive diagnoses, prompting extensive research
into the etiology and pathology of these diseases [1]. Despite

these efforts, however, the treatments for these diseases
remain scarce and are targeted primarily at reducing symp-
toms rather than at alleviating causes underlying disease
pathology and progression.

Neurodegenerative diseases are characterized by the
death of specific neuronal populations within the brain, brain
stem, and spinal cord, producing significant cognitive and/or
motor impairments. Although each disease is uniquely char-
acterized by the type of neurons that are ultimately affected,
the underlying causes of neuronal death are thought to be
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remarkably similar. These include conditions such as oxida-
tive stress, caused by the buildup of reactive oxygen species
(ROS) within the cell that damage vital cellular components
such as DNA and proteins, nitrosative stress, caused by dam-
aging reactive nitrogen species (RNS) produced in the central
nervous system (CNS) under neuroinflammatory conditions,
and excitotoxicity, resulting from the overstimulation of neu-
ronal cells by excitatory neurotransmitters, causing massive
calcium influx and subsequent activation of cell death signal-
ing cascades [2–6]. The identification of agents targeting
multiple aspects of neurodegenerative disease pathology,
therefore, provides an appealing therapeutic avenue for treat-
ing multiple disorders.

In this regard, polyphenols have emerged as promising
therapeutic candidates due to their impressive antioxidant,
antineuroinflammatory, and antiapoptotic effects (reviewed
by [7]). In particular, anthocyanins, a unique class of flavo-
noid compounds, show significant potential as a treatment
for neurodegenerative disease for these reasons in addition
to the observation that they are among the most commonly
consumed polyphenolic species around the world [8]. These
compounds, responsible for producing the red, blue, and
purple pigmentation of many fruits and vegetables, have
received significant attention as neuroprotective agents both
in vitro and in vivo; however, the efficacy of these compounds
for the treatment of neurodegenerative diseases may be lim-
ited by their relatively low bioavailability in the brain follow-
ing ingestion [9–13]. Indeed, anthocyanins are rapidly
absorbed and have been shown to accumulate in several areas
of the brain; however, the levels at which anthocyanins accu-
mulate are extremely low at only ~0.2 nmol/g of tissue [9–13].

The low levels of circulating anthocyanins are thought to
be due in part to extensive metabolism of the parent com-
pounds by gut microflora to form various phenolic acid
metabolites and a universal aldehyde metabolite, known as
phloroglucinol aldehyde (PGA; 2,4,6-trihydroxy-benzalde-
hyde) [14–17]. This phenomenon has been described by sev-
eral studies, and it has been reported that incubation of
anthocyanin aglycons with gut microflora results in complete
degradation of the parent species to form phenolic acids and
aldehydes [17]. Furthermore, circulating concentrations of
phenolic acid metabolites derived from anthocyanin degra-
dation such as protocatechuic acid (PCA; 3,4-dihydroxyben-
zoic acid) have been observed at up to eight times to that of
the parent anthocyanins [18]. It has also been reported that
PCA remains in relevant tissues longer than its parent

anthocyanin compounds [19]. Similarly, gallic acid, another
phenolic acid metabolite of some anthocyanin compounds,
has also been observed to accumulate in brain tissue at high
levels with chronic consumption [20]. Collectively, these
observations have led investigators to suggest that phenolic
acids and other anthocyanin metabolites are the bioactive
components of anthocyanin-rich diets [21]. Studies assessing
the neuroprotective and anti-inflammatory effects of these
compounds are few in number, however, and have focused
predominately on only two phenolic acids, PCA and gallic
acid. Thus, the distinct neuroprotective effects of other phe-
nolic acids and aldehydes derived from anthocyanins have
not been examined.

We have previously reported that two structurally simi-
lar, but distinct anthocyanins, cyanidin-O-3-glucoside (kuro-
manin) and pelargonidin-O-3-glucoside (callistephin),
display differential neuroprotective effects against a variety
of neurotoxic insults. While both callistephin and kuromanin
are capable of protecting primary cerebellar granule neurons
(CGNs) from mitochondrial oxidative stress and excitotoxi-
city, only kuromanin is capable of defending neurons from
nitrosative stress induced by the nitric oxide donor, sodium
nitroprusside (SNP) [22, 23]. In good agreement with these
studies, it has also been reported that PCA and gallic acid dis-
play differential abilities to interact with lipid-rich environ-
ments and prevent lipid peroxidation dependent upon their
relative lipophilicity [24]. These studies suggest that different
anthocyanins, and likely their respective metabolites, may
display distinct neuroprotective effects.

Following the work of our previous study on the distinct
neuroprotective effects of anthocyanins, we examine the dif-
ferential neuroprotective effects of two phenolic acids, PCA,
the primary metabolite of cyanidin-based anthocyanins, such
as kuromanin, and 4-hydroxybenzoic acid (HBA), the pri-
mary metabolite of pelargonidin-based anthocyanins, such
as callistephin. We also explored the neuroprotective effects
of the universal anthocyanin metabolite, PGA. While the
neuroprotective effects of PCA against a variety of stressors
such as hydrogen peroxide and SNP have previously been
investigated, the neuroprotective abilities of HBA and PGA
have never been explored, and the anti-inflammatory capabil-
ities of these compounds have not yet been defined [25–28].
Moreover, to our knowledge, this is the first study to directly
compare the neuroprotective and anti-inflammatory capaci-
ties of two distinct but structurally similar phenolic acids as
well as PGA (Figure 1) in order to determine their potential
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Figure 1: Chemical structures of 4-hydroxybenzoic acid (a), protocatechuic acid (b), and phloroglucinol aldehyde (c).
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efficacy for the treatment of neurodegenerative disease.
Our results demonstrate that PCA and HBA display dif-
ferential neuroprotective and antineuroinflammatory abili-
ties under different neurotoxic conditions, which are
described below, while PGA does not display any neuro-
protective characteristics.

2. Materials and Methods

2.1. Materials. Protocatechuic acid was purchased from MP
Biomedicals (Solon, OH). Potassium chloride, PGA, 4-
hydroxybenzoic acid, glutamic acid, glycine, lipopolysaccha-
ride (LPS) from E. coli, bovine serum albumin (BSA), para-
formaldehyde, Hoechst 33258, and Tween 20 were
purchased from Sigma-Aldrich (St. Louis, MO). Sodium
nitroprusside (SNP) was obtained from Calbiochem (San
Diego, CA). Basal Medium Eagle’s solution, Dulbecco’s Mod-
ified Eagle’s Medium with glucose solution, L-glutamine
solution, penicillin/streptomycin solution, and fetal bovine
serum (FBS) were purchased from Invitrogen (Grand Island,
NY). Nitric oxide assay kits (EMSNO) were obtained from
Thermo Scientific (Rockford, IL).

2.2. Cell Culture. Cerebellar granule neurons (CGNs) were
isolated from 7day-old Sprague-Dawley rat pups of both
sexes (Charles River, Bar Harbor, ME) as previously
described [29]. Briefly, cells were plated in poly-L-lysine-
coated 6-well plates (35mm diameter) at a density of approx-
imately 4.0× 106 cells per well. Cells were maintained in Basal
Medium Eagle’s supplemented with 2mM L-glutamine,
25mM potassium chloride, 10% FBS, and penicillin/strepto-
mycin (100U/mL/100μg/mL). After 24 h, CGNs were
treated with cytosine arabinoside at a concentration of
10μM to inhibit the growth of nonneuronal cells. CGN cul-
tures were then maintained in 10% CO2 at 37

°C for 6-7 days
before experiments were performed. This procedure pro-
duced cultures that were ~95% pure.

BV2 microglia were maintained in Dulbecco’s Modified
Eagle’s Medium containing 4.5 g/L glucose and supple-
mented with 10% FBS and penicillin/streptomycin (100U/
mL/100μg/mL). BV2 microglia were maintained in 5%
CO2 at 37°C. For experiments, cells were plated in 6-well
plates (35mm diameter) and allowed to reach 80% con-
fluency before treatment.

2.3. Treatment of Cell Cultures

2.3.1. CGNs. Culture medium was removed and replaced
with medium lacking fetal bovine serum to eliminate the
neuroprotective effects of serum that might prevent neuronal
apoptosis induced by neurotoxic insult. CGNs were then
treated with 250μM hydrogen peroxide, 100μM SNP, or
100μM/10μM glutamate/glycine alone or in combination
with the indicated doses of either PCA or HBA. CGNs were
allowed to incubate under these conditions for 24 h prior to
assay of neuronal cell death. For all experiments, an
untreated control in serum-free medium was used for com-
parison in assaying cell death.

2.3.2. BV2 Cells. BV2microglial cells were treated with LPS at
a concentration of 1μg/mL alone or in combination with
PCA or HBA at the indicated concentrations in cell culture
medium. Cells were allowed to incubate for 24h prior to col-
lection of culture medium and assay of nitric oxide
production.

2.4. Assays of Neuronal Cell Death

2.4.1. Nuclear Staining for Apoptosis. Following treatment,
CGNs were washed twice with phosphate-buffered saline
(PBS, pH=7.4) and then fixed for 1 h at room temperature
with 4% paraformaldehyde. CGNs were then washed again
with PBS and stained with Hoechst at a concentration of
10μg/mL to visualize nuclear morphology. Cells were
washed with PBS and imaged using a Zeiss Axiovert-200M
epi-fluorescence microscope. Five bright field and five
nuclear images per well were captured to assess cell death
with duplicate wells for each treatment composing one
experiment. Cells were counted and scored as either viable
or apoptotic based on nuclear morphology using images
showing decolorized Hoechst fluorescence. CGNs displaying
nuclei with fragmented or condensed morphology were
scored as apoptotic, with at least 100 cells per treatment per
experiment being scored.

2.4.2. MTT Viability Assay. As an alternative means of asses-
sing cell death, some experiments were evaluated using an
MTT viability assay. MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) is a tetrazolium dye which
is reduced by NAD(P)H-dependent cellular oxidoreductase
enzymes, primarily within the mitochondria of viable cells,
to yield an insoluble formazan derivative which can be solu-
bilized and assayed colorimetrically as an indicator of cell
viability. MTT data presented were obtained from duplicate
wells per treatment shown for three independent
experiments.

2.5. Nitric Oxide Assay. Nitric oxide production was assayed
in cell culture medium from BV2 cells following treatment
using a nitric oxide assay kit (EMSNO) from Thermo Scien-
tific as per the manufacturer’s instructions. This kit assays
total concentrations of nitrite in solution, one of the major
degradation products of nitric oxide, using the Griess
method. The concentration of nitrite for each treatment
was determined by comparison to a standard curve created
using solutions of known nitrite concentrations, with each
treatment being performed in duplicate wells.

2.6. Statistical Analysis. All experiments in both CGNs and
BV2 microglia were performed using duplicate wells with
each experiment being performed at least three times. Data
are represented as the mean± standard error of the mean
(SEM) for the total number of experiments carried out (n).
One-way analysis of variance (ANOVA) with a post hoc
Tukey’s test was used to analyze all data. A p value of <0.05
was considered statistically significant.
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3. Results

3.1. Both PCA and HBA Protect CGNs from Oxidative Stress
Induced by Hydrogen Peroxide. The role of oxidative stress
has been extensively documented in several forms of neuro-
degenerative disease, and indices of oxidative damage have
been observed in tissue from the brains and spinal cords of
patients with Alzheimer’s disease, Parkinson’s disease, and
ALS [3, 6]. Hydrogen peroxide (H2O2) in particular is
thought to play a significant role in these diseases, as proteins
such as amyloid beta, implicated in the pathogenesis of Alz-
heimer’s disease, and mutant SOD1, associated with familial
forms of ALS, are known to mediate neuronal death in part
through enhanced production of this toxic species [30, 31].
Therefore, we first evaluated the ability of PCA and HBA to
protect CGNs from H2O2-induced toxicity.

Alone, H2O2 induced significant levels of cell death, with
approximately 80% of CGNs displaying fragmented and/or
condensed nuclei as determined with Hoechst staining,
which is consistent with apoptosis (Figure 2(a)). Further-
more, H2O2 treatment caused significant degradation and
fragmentation of neuronal processes in addition to shrinkage
of neuronal cell bodies, also indicative of cell death. This
effect was abrogated by cotreatment of CGNs with either
HBA or PCA, which preserved healthy nuclear morphology
comparable to that observed in untreated controls as well
as preventing the degradation of neuronal processes
(Figure 2(a)). Quantification of these data revealed that these
protective effects are dose dependent, with higher doses of
both HBA and PCA offering greater neuroprotection
(Figures 2(b) and 2(c)). Moreover, it was shown that PCA
protects neurons more efficiently than HBA, demonstrating
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Figure 2: Both HBA and PCA protect CGNs from H2O2-induced oxidative stress. (a) Representative images of untreated control CGNs
(Con), CGNs treated with H2O2 alone (H2O2), and CGNs treated in combination with H2O2 and either 200μM 4-hydroxybenzoic acid
(HBA) or 200 μM protocatechuic acid (PCA). Top panels show decolorized Hoechst fluorescence to visualize nuclei. Bottom panels show
bright field images to visualize neuronal cell bodies and processes. Scale bar = 10 μm. Arrowheads indicate apoptotic nuclei, and asterisks
indicate healthy nuclei (top panels) of CGNs within the boxes demarcated in the corresponding bottom panels. (b) Quantitative
assessment of apoptosis in CGNs treated with H2O2 alone or in combination with various concentrations of HBA. (c) Quantitative
assessment of apoptosis in CGNs treated with H2O2 alone or in combination with various concentrations of PCA. For quantification,
nuclear morphology was assessed, and cells displaying condensed or fragmented nuclei were scored as apoptotic. The percent of all total
cells that displayed apoptotic morphology was then determined. Data are represented as mean± SEM for n = 3 experiments. ∗∗∗ indicates
p < 0 001 in comparison to untreated controls; ††† indicates p < 0 001, and †† indicates p < 0 01 in comparison to cells treated with H2O2
alone by one-way ANOVA with a post hoc Tukey’s test.
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significant neuroprotection at lower doses than those
required to achieve neuroprotection with HBA.

3.2. PCA, but Not HBA, Protects CGNs from Nitrosative Stress
Induced by Sodium Nitroprusside. Nitrosative stress is a con-
dition similar to oxidative stress caused by a buildup of toxic
RNS such as nitric oxide and peroxynitrite, which are capable
of causing oxidative damage to many vital cellular compo-
nents. S-Nitrosylation of key cellular proteins involved in
protein homeostasis and mitochondrial respiration has been
described in the context of ALS and Parkinson’s disease,
respectively, indicating a role for RNS in the underlying
pathology of these diseases [32, 33]. Nitric oxide and perox-
ynitrite are produced in abundance during neuroinflamma-
tory responses in the CNS by activated microglia and
reactive astrocytes, which have been shown to play a critical

role in the etiology and progression of several neurodegen-
erative diseases [34]. Thus, compounds that are effectively
able to scavenge and detoxify RNS could be of significant
therapeutic benefit for the treatment of neurodegeneration.
Therefore, we next evaluated the ability of HBA and PCA
to mitigate neurotoxicity induced by the nitric oxide
donor, SNP.

Treatment of CGNs with SNP alone produced substantial
neuronal death, causing extensive nuclear condensation and
almost complete obliteration of neuronal processes
(Figure 3(a)). Cotreatment with HBA was unable to attenuate
this effect with these cells displaying nuclear morphology and
fragmented processes similar to that of cells treated with SNP
alone (Figure 3(a)). In striking contrast to these results, PCA
offered complete protection from this insult and preserved
healthy nuclear morphology and neuronal processes
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Figure 3: PCA, but not HBA, protects CGNs from nitric oxide-induced toxicity. (a) Representative images of untreated control CGNs (Con),
CGNs treated with SNP alone (SNP), and CGNs treated in combination with SNP and either 300μM 4-hydroxybenzoic acid (HBA) or
300μM protocatechuic acid (PCA). Top panels show decolorized Hoechst fluorescence to visualize nuclei. Bottom panels show bright field
images to visualize neuronal cell bodies and processes. Scale bar = 10μm. Arrowheads indicate apoptotic nuclei, and asterisks indicate
healthy nuclei (top panels) of CGNs within the boxes demarcated in the corresponding bottom panels. (b) Quantitative assessment of
apoptosis in CGNs treated with SNP alone or in combination with various concentrations of HBA. (c) Quantitative assessment of
apoptosis in CGNs treated with SNP alone or in combination with various concentrations of PCA. For quantification, nuclear morphology
was assessed, and cells displaying condensed or fragmented nuclei were scored as apoptotic. The percent of all total cells that displayed
apoptotic morphology was then determined. Data are represented as mean± SEM for n = 3 experiments. ∗∗∗ indicates p < 0 001 in
comparison to untreated controls; ††† indicates p < 0 001, and † indicates p < 0 05 in comparison to cells treated with SNP alone by
one-way ANOVA with a post hoc Tukey’s test.
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(Figure 3(a)). Even at doses as low as 10μM, cotreatment
with PCA provided significant neuroprotection from nitric
oxide-induced death, and this effect increased with PCA con-
centration, while HBA was unable to defend neurons from
this insult at any of the doses tested (Figures 3(b) and 3(c)).
In agreement with the results obtained utilizing nuclear mor-
phology and neurite fragmentation as morphologic indices of
cell death, quantitative assessment of cell viability using an
MTT assay revealed the same conclusion; PCA essentially
completely protected CGNs from SNP-induced neurotoxic-
ity while HBA had no significant neuroprotective effect
under these conditions (Figures 4(a) and 4(b)).

3.3. HBA, but Not PCA, Protects CGNs from Glutamate-
Induced Excitotoxicity. Excitotoxicity is a process specific to
neurons in which overstimulation by excitatory neurotrans-
mitters, such as glutamate, causes massive calcium influx
from the extracellular space, triggering the activation of a
number of cell death cascades, such as calpain-dependent
apoptosis [5]. Additionally, disturbances in calcium homeo-
stasis can cause membrane depolarization in mitochondria,
resulting in enhanced production of ROS, and release of
apoptogenic factors. Considerable evidence for the involve-
ment of excitotoxicity in Alzheimer’s disease, Parkinson’s
disease, and ALS has accumulated and suggests that amelio-
rating excitotoxic effects could be a viable therapeutic
approach to treating these diseases [35–38]. Thus, we exam-
ined the capacity of HBA and PCA to defend neurons from
excitotoxic conditions induced by stimulation with the excit-
atory neurotransmitter, glutamate.

When treated with glutamate alone, CGNs experienced
approximately 50% cell death evidenced by nuclear conden-
sation and fragmentation as well as moderate degradation
of neuronal processes (Figure 5(a)). HBA significantly

protected CGNs from glutamate-induced excitotoxicity, pre-
serving nuclear morphology and neuronal processes
(Figure 5(a)). As with H2O2, this effect was dose dependent,
with the greatest protection occurring with the highest dose
of HBA examined in this experiment in direct contrast to
PCA (Figure 5(b)). Under these conditions, PCA displayed
no neuroprotective effects, actually displaying a trend
towards enhancing neuronal death induced by glutamate
excitotoxicity at higher concentrations, although this trend
did not reach statistical significance (Figure 5(c)).

3.4. PGA, a Universal Anthocyanin Metabolite, Does Not
Protect CGNs from Oxidative Stress, Nitrosative Stress, or
Excitotoxicity. Metabolism of anthocyanins has been shown
to produce both phenolic acids, which retain unique chem-
ical structures derived from the parent compounds, and a
universal aldehyde metabolite, known as phloroglucinol
aldehyde [14–17]. Since metabolism of anthocyanins by
gut microflora results in the production of both phenolic
acids and aldehydes, it is possible that some of the beneficial
health effects observed with anthocyanin-rich diets could be
due to the activity of both phenolic acids and PGA. While
the neuroprotective capabilities of some phenolic acids,
such as PCA, have been explored, the neuroprotective capa-
bilities of PGA have not been previously examined. There-
fore, we next assessed the ability of PGA to defend CGNs
from various stressors.

We first explored the ability of PGA to protect CGNs
from oxidative stress induced by H2O2. Treatment with
H2O2 alone significantly increased levels of cellular apopto-
sis; however, cotreatment of cells with PGA was unable to
protect CGNs from this insult at any of the doses we exam-
ined (Figure 6(a)). Next, we evaluated the neuroprotective
capacity of PGA in the context of nitric oxide toxicity
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Figure 4: MTT viability assay of SNP-treated CGN cultures. (a) Representative MTT images of untreated control CGNs, CGNs treated
with 100 μM protocatechuic acid (PCA) or 100μM 4-hydroxybenzoic acid (HBA) alone, CGNs treated with sodium nitroprusside alone
(SNP), and CGNs treated in combination with SNP and either PCA or HBA. (b) Quantitative assessment of cell viability. Data are
represented as mean± SEM for n = 3 experiments, each performed in duplicate. ∗∗ indicates p < 0 01 in comparison to untreated
control, and †† indicates p < 0 01 in comparison to cells treated with SNP alone, by one-way ANOVA with a post hoc Tukey’s test.
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induced by SNP. CGNs treated with SNP alone displayed a
dramatic increase in levels of apoptosis, and cotreatment
with PGA did not reduce apoptosis in comparison to cells
treated with SNP alone (Figure 6(b)). Lastly, we assessed
the neuroprotective effects of PGA against glutamate excito-
toxicity. Cells treated with glutamate alone showed a signifi-
cant increase in the number of apoptotic cells in comparison
to untreated controls (Figure 6(c)). Cotreatment with PGA
did not attenuate glutamate-induced cell death (Figure 6(c)).

3.5. PCA, but Not HBA, Attenuates Lipopolysaccharide-
Induced Microglial Inflammation in the BV2 Cell Line.
Microglia are the primary mediators of inflammatory
immune responses in the CNS. While beneficial in the short
term for neuronal protection and repair from foreign
invaders, prolonged inflammation of these cells is neurotoxic
and has been implicated as a major contributor to the

neuronal death underlying neurodegenerative disease [39].
Indices of microglial inflammation, such as enhanced pro-
duction of inflammatory cytokines, induction of proinflam-
matory proteins such as COX-2 and inducible nitric oxide
synthase (iNOS), and microglial proliferation have been
described in Alzheimer’s disease, Parkinson’s disease, and
ALS [34, 40–45]. Collectively, these studies demonstrate that
microglial inflammation is a significant feature of these dis-
eases, making this facet of the neurodegenerative process an
appealing therapeutic target. One of the many hallmarks of
microglial inflammation is the upregulation of iNOS and
subsequent production of large quantities of nitric oxide
[46]. Therefore, we assessed the ability of HBA and PCA to
alter nitric oxide production in the BV2 microglial cell line
following treatment with LPS.

LPS induced a significant inflammatory response in BV2
microglia marked by a considerable increase in nitric oxide
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Figure 5: HBA, but not PCA, protects CGNs from glutamate-induced excitotoxicity. (a) Representative images of untreated control CGNs
(Con), CGNs treated with glutamate alone (G/G), and CGNs treated in combination with glutamate and either 500 μM 4-hydroxybenzoic
acid (HBA) or 500 μM protocatechuic acid (PCA). Top panels show decolorized Hoechst fluorescence to visualize nuclei. Bottom panels
show bright field images to visualize neuronal cell bodies and processes. Scale bar = 10 μm. Arrowheads indicate apoptotic nuclei, and
asterisks indicate healthy nuclei (top panels) of CGNs within the boxes demarcated in the corresponding bottom panels. (b) Quantitative
assessment of apoptosis in CGNs treated with glutamate alone or in combination with various concentrations of HBA. (c) Quantitative
assessment of apoptosis in CGNs treated with glutamate alone or in combination with various concentrations of PCA. For quantification,
nuclear morphology was assessed, and cells displaying condensed or fragmented nuclei were scored as apoptotic. The percent of all total
cells that displayed apoptotic morphology was then determined. Data are represented as mean± SEM for n = 3 experiments. ∗∗∗ indicates
p < 0 001 and ∗∗ indicates p < 0 01 in comparison to untreated controls; ††† indicates p < 0 001 in comparison to cells treated with
glutamate alone by one-way ANOVA with a post hoc Tukey’s test.
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Figure 6: PGA does not protect CGNs from death induced by various neuronal stressors. (a) Quantitative assessment of apoptosis in CGNs
treated with hydrogen peroxide alone or in combination with various concentrations of PGA. (b) Quantitative assessment of apoptosis in
CGNs treated with SNP alone or in combination with various concentrations of PGA. (c) Quantitative assessment of apoptosis in CGNs
treated with glutamate alone or in combination with various concentrations of PGA. For quantification, nuclear morphology was assessed,
and cells displaying condensed or fragmented nuclei were scored as apoptotic. The percent of all total cells that displayed apoptotic
morphology was then determined. Data are represented as mean± SEM for n = 3 experiments. ∗∗∗ indicates p < 0 001, and ∗ indicates
p < 0 01 in comparison to untreated controls by one-way ANOVA with a post hoc Tukey’s test. There are no significant differences
between cells treated with PGA and cells treated with insults alone.
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production (Figures 7(a) and 7(b)). Cotreatment of BV2 cells
with both LPS and PCA dose dependently reduced nitric
oxide production by a significant amount (Figure 7(a)).
Cotreatment with HBA and LPS, however, did not produce
a significant effect on microglial inflammation, with nitric
oxide production remaining largely unchanged in compari-
son to microglia treated with LPS alone (Figure 7(b)).

4. Discussion

Diets rich in anthocyanins and other polyphenols are associ-
ated with a myriad of health benefits, including decreased
risk of developing cancer, cardiovascular disease, and neuro-
degenerative disease, particularly Parkinson’s disease [47,
48]. As anthocyanins are known to mitigate multiple facets
of the neurodegenerative process thought to contribute to
neuronal cell death (reviewed by [49]), this finding is perhaps

unsurprising; however, current research suggests that it is
likely anthocyanin metabolites produced after anthocyanin
ingestion are truly responsible for mediating these positive
effects in vivo. We have previously compared the neuropro-
tective abilities of two anthocyanin species, callistephin and
kuromanin, against mitochondrial oxidative stress, nitrosa-
tive stress, and excitotoxicity and found that slight structural
variances in anthocyanin structure significantly influence the
neuroprotective capacity of these compounds against differ-
ent neurotoxic insults [22, 23]. Given these data in conjunc-
tion with the observation that phenolic acid metabolites from
anthocyanins are likely responsible for mediating the benefi-
cial effects of these compounds in vivo, it is equally important
to determine if different anthocyanin metabolites display dif-
ferential neuroprotective functions that may influence their
overall effectiveness as potential therapeutic agents in neuro-
degenerative disease. However, while the neuroprotective
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Figure 7: PCA, but not HBA, attenuates inflammation induced by LPS in BV2 microglia. (a) Quantitative assessment of nitric oxide
production in untreated, BV2 microglia, and microglia stimulated with LPS alone or in combination with various concentrations of PCA.
Nitric oxide production was determined using the Griess method to measure nitrite, a major degradation product of nitric oxide, in cell
culture medium incubated with BV2 microglia. (b) Quantitative assessment of nitric oxide production by BV2 microglia stimulated with
LPS alone or in combination with various concentrations of HBA. Nitric oxide production was quantified as in (a). Data are represented
as mean± SEM for n = 3 experiments for nitric oxide assay. ∗∗∗ indicates p < 0 001, and ∗ indicates p < 0 05 in comparison to untreated
controls; † indicates p < 0 05 in comparison to cells treated with LPS alone by one-way ANOVA with a post hoc Tukey’s test.
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capacity of some anthocyanin metabolites has been previ-
ously evaluated, a systemic comparison of the effects of
metabolites from anthocyanins against a broad range of
neurotoxic insults has never been conducted. Here, we eval-
uated the broad neuroprotective and anti-inflammatory
effects of two phenolic acid metabolites, HBA and PCA,
which are derived from pelargonidin-based and cyanidin-
based anthocyanins, respectively, and the universal aldehyde
metabolite, PGA.

Our results demonstrate that HBA and PCA display both
similar and distinct neuroprotective effects against several
neurotoxic stressors. While both compounds are capable of
defending CGNs from H2O2-induced oxidative stress, con-
sistent with previous studies conducted with PCA [25–28],
their protective effects diverge in the context of nitrosative
stress and glutamate excitotoxicity. In agreement with prior
reports, PCA is a highly effective neuroprotective agent
against nitric oxide-induced death following treatment with
SNP [25]. These results are in remarkable contrast to those
observed for HBA, which demonstrate that this compound
is incapable of mitigating nitric oxide toxicity to any degree.
Our previous work with kuromanin and callistephin, parent
compounds of PCA and HBA, respectively, also displayed
this trend, with kuromanin protecting CGNs to a significant
degree from SNP toxicity, while the closely related anthocya-
nin, callistephin, showed no effect on nitric oxide-induced
death [23]. This previous work also demonstrated that pro-
tection from nitric oxide by kuromanin appeared to be cate-
chol-dependent, a structural feature that both kuromanin
and its phenolic acid metabolite, PCA, share, but which is
notably lacking from the structure of both callistephin and
its metabolite, HBA (Figure 1). Thus, it is very likely that this
slight structural difference between HBA and PCA that gives
PCA a catechol moiety is responsible for their vastly different
neuroprotective abilities against nitric oxide toxicity.

This trend appears to be reversed in the context of excito-
toxicity. In CGNs stimulated with glutamate, HBA offered
significant neuroprotection, while PCA treatment had no
effect on neuronal viability against this insult. This result
was unexpected as we have previously shown that both calli-
stephin and kuromanin, two of the parent compounds of
these phenolic acids, are potent inhibitors of excitotoxic cell
death in CGNs [23]. Furthermore, it has been reported that
PCA is capable of reducing increases in intracellular calcium
concentrations in primary cortical neurons treated with amy-
loid beta, which are thought to occur through activation ofN-
methyl-D-aspartate (NMDA) receptors at the cell surface
[50, 51]. As massive calcium influx through NMDA recep-
tors is also a major feature of glutamate excitotoxicity, it is
somewhat surprising that PCA does not protect CGNs from
glutamate treatment. The possibility remains, however, that
the protective effects of PCA on neuronal viability in the con-
text of amyloid beta toxicity are due to mechanisms other
than its ability to attenuate disruptions in calcium homeosta-
sis. These mechanisms could be distinct from those observed
under excitotoxic conditions, which could render PCA inef-
fective for alleviating excitotoxic stress. Alternatively, this
could also suggest that the ability of PCA to regulate calcium
homeostasis is not sufficient to protect CGNs from glutamate

excitotoxicity. This then suggests two possible mechanisms
to explain the ability of the closely related HBA to preserve
neuronal viability following excitotoxic insult in contrast to
PCA. One simple explanation for the differences observed
between these compounds is that they may both regulate cal-
cium homeostasis, but HBA may do so more effectively than
PCA, which could in turn prevent activation of downstream
proapoptotic signaling to a greater extent. Conversely, pres-
ervation of neuronal viability by HBA but not PCA could
be reliant on the ability of HBA to activate prosurvival or
inhibit proapoptotic signaling pathways involved in excito-
toxic death, an ability that PCA may lack due to structural
differences between these compounds. However, since
neither PCA nor HBA has been examined for their neuro-
protective effects against excitotoxicity until now, further
exploration of this topic is needed to define the neuroprotec-
tive mechanism of HBA treatment under these conditions.

PGA was also evaluated for its neuroprotective capabili-
ties in the context of both oxidative and nitrosative stress
and glutamate excitotoxicity. Our data revealed that PGA is
a poor neuroprotective agent as this compound was unable
to mitigate toxicity induced by hydrogen peroxide, SNP,
and glutamate treatment. This was somewhat surprising as
recent research using a luciferase reporter assay in CHO cells
suggests that PGA is a potent inducer of Nrf2 expression,
whereas PCA and cyanidin-3-O-glucoside did not appear to
alter Nrf2 expression [52]. Moreover, this study revealed that
metabolism of anthocyanins by gut microflora appears to be
necessary to observe changes in the expression of Nrf2 effec-
tor genes, such as quinone oxidoreductase 1, suggesting that
anthocyanin metabolites, particularly PGA, and not anthocy-
anins themselves, may be responsible for Nrf2 upregulation
[52]. Given this finding, it is somewhat surprising that PGA
did not protect CGNs from oxidative stress; however, this
could be due to the fact that primary neurons have a rela-
tively weak Nrf2 response in comparison to other cells in
the brain such as astrocytes [53]. Thus, while PGA does not
appear to be directly neuroprotective, it is possible that this
compound could mediate neuroprotective effects in vivo
through regulation of Nrf2 and its effectors in surrounding
glial cells, which may enhance the neuroprotective pheno-
type of these cells, or prevent glial inflammation in the con-
text of neurodegeneration. Further study is needed to test
this hypothesis.

Finally, we assessed the ability of HBA and PCA to atten-
uate LPS-induced inflammation in the BV2 microglial cell
line. Under inflammatory conditions, we again observed a
stark difference between the abilities of HBA and PCA, with
PCA acting in an anti-inflammatory capacity, while HBA
treatment produced no effect on microglial inflammation.
This was assessed by the ability of these compounds to reduce
nitric oxide production, a hallmark of microglia-mediated
inflammation in the CNS [46]. PCA effectively reduced nitric
oxide production; however, HBA had no effect on nitric
oxide levels. Intriguingly, another anthocyanin metabolite,
gallic acid, has also been shown to reduce microglial inflam-
mation in a similar manner, although the effects of PCA and
HBA in BV2 microglia have not been evaluated until now.
Reductions in inflammation by gallic acid were reported to
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prevent microglial-mediated toxicity in cocultured neurons,
suggesting that some anthocyanin metabolites may mediate
neuroprotective effects in vivo through amelioration of
microglial inflammation [54]. Despite these observations,
the mechanism underlying PCA’s ability to attenuate neu-
roinflammatory responses in microglia is unknown; how-
ever, reductions in nitric oxide production suggest that
PCA may modulate expression of proteins, such as iNOS,
or regulators of the genes encoding proinflammatory media-
tors, such as nuclear factor-κB. This phenomenon has been
well established in BV2 microglia treated with extracts rich
in anthocyanins, which may share this ability with some phe-
nolic acid metabolites. A lack of protection by HBA also sug-
gests this mechanism as differences in structural features
between HBA and PCA may allow them to regulate different
signaling pathways, as suggested above. Nevertheless, further
study is needed to confirm or refute this hypothesis.

5. Conclusions

Collectively, these data highlight the intriguing neuroprotec-
tive and anti-inflammatory differences in anthocyanin
metabolites, while also indicating some limitations of these
compounds to mitigate various factors involved in the neuro-
degenerative process. For example, while both HBA and PCA
may effectively target toxicity induced by ROS, only PCA tar-
gets microglial inflammation and nitrosative stress, and only
HBA targets excitotoxicity. However, the ideal therapeutic
candidate for the treatment of neurodegeneration would tar-
get all four of these aspects of disease. It is interesting to note,
then, that PCA and HBA display complimentary effects, sug-
gesting that combination treatment with both of these agents
may be an effective therapeutic strategy to target a broader
range of factors involved in the neurodegenerative process,
which could produce greater therapeutic effects in preclinical
models of neurodegenerative disease than administration of
either compound alone. This is a particularly appealing strat-
egy in light of several recent in vivo studies demonstrating
that supplementation with PCA alone is an effective thera-
peutic treatment in mouse models of Parkinson’s disease,
Alzheimer’s disease, and D-galactose-induced accelerated
aging [55–57]. Also, it is important to note that although they
are discussed here in the context of anthocyanin metabolism,
both HBA and PCA can be produced by the metabolism of
other polyphenolic species. As the neuroprotective and
anti-inflammatory effects of these compounds appear to be
dose dependent, identifying parent compounds that can be
metabolized to produce greater concentrations of PCA and
HBA than anthocyanins in vivo could be an effective strategy
for identifying new therapeutic candidates for testing in pre-
clinical models of disease. Finally, it should be noted that
although PCA and HBA display direct neuroprotective
effects in vitro, the concentrations necessary to achieve these
effects are quite high, typically in the 10–100μM range.
These concentrations are not observed in vivo and therefore,
the benefits of an anthocyanin-rich diet on CNS health are
likely due to a combinatorial effect of multiple antioxidant
and anti-inflammatory compounds. Nonetheless, it is impor-
tant to establish the relative neuroprotective and anti-

inflammatory properties of individual metabolites as a start-
ing point for preclinical testing and possible therapeutic
development.

In summary, both HBA and PCA display distinct neuro-
protective effects in vitro in primary CGNs, suggesting that
these compounds warrant further exploration both alone
and in combination to further define their neuroprotective
and anti-inflammatory mechanisms under diverse stress
conditions. Moreover, further exploration of these com-
pounds in preclinical models of disease is warranted as both
compounds target multiple aspects of neurodegenerative dis-
ease pathology. In particular, the use of HBA and PCA in
combination could be of great therapeutic potential owing
to the diverse and complimentary neuroprotective effects of
these compounds against oxidative stress, nitrosative stress,
and excitotoxicity as well as the antineuroinflammatory
effects of PCA [58].

Conflicts of Interest

The authors declare no conflict of interest.

Acknowledgments

This project was funded by a Professional Research Opportu-
nities for Faculty (PROF) grant [Grant no. 143221-89441]
from the University of Denver.

References

[1] C. Ingre, P. M. Roos, F. Piehl, F. Kamel, and F. Fang, “Risk fac-
tors for amyotrophic lateral sclerosis,” Clinical Epidemiology,
vol. 7, pp. 181–193, 2015.

[2] J. E. Yuste, E. Tarragon, C. M. Campuzano, and F. Ros-Bernal,
“Implications of glial nitric oxide in neurodegenerative dis-
eases,” Frontiers in Cellular Neuroscience, vol. 9, p. 322, 2015.

[3] V. Chiurchiù, A. Orlacchio, and M. Maccarrone, “Is modula-
tion of oxidative stress an answer? The state of the art of redox
therapeutic actions in neurodegenerative diseases,” Oxidative
Medicine and Cellular Longevity, vol. 2016, Article ID
7909380, 11 pages, 2016.

[4] Z. Gu, T. Nakamura, and S. A. Lipton, “Redox reactions
induced by nitrosative stress mediate protein misfolding and
mitochondrial dysfunction in neurodegenerative diseases,”
Molecular Neurobiology, vol. 41, pp. 55–72, 2010.

[5] J. Lewerenz and P. Maher, “Chronic glutamate toxicity in neu-
rodegenerative diseases–what is the evidence?” Frontiers in
Neuroscience, vol. 9, p. 469, 2015.

[6] E. Radi, P. Formichi, C. Battisti, and A. Federico, “Apoptosis
and oxidative stress in neurodegenerative diseases,” Journal
of Alzheimer's Disease, vol. 42, Supplement 3, pp. S125–S152,
2014.

[7] C. Spagnuolo, M. Napolitano, I. Tedesco, S. Moccia, A. Milito,
and G. L. Russo, “Neuroprotective role of natural polyphe-
nols,” Current Topics in Medicinal Chemistry, vol. 16,
pp. 1943–1950, 2016.

[8] A. Scalbert and G. Williamson, “Dietary intake and bioavail-
ability of polyphenols,” The Journal of Nutrition, vol. 130,
pp. 2073S–2085S, 2000.

[9] T. Y. Chen, J. Kritchevsky, K. Hargett et al., “Plasma bioavail-
ability and regional brain distribution of polyphenols from

11Oxidative Medicine and Cellular Longevity



apple/grape seed and bilberry extracts in a young swine
model,” Molecular Nutrition & Food Research, vol. 59,
pp. 2432–2447, 2015.

[10] S. Talavera, C. Felgines, O. Texier et al., “Anthocyanin metab-
olism in rats and their distribution to digestive area, kidney,
and brain,” Journal of Agricultural and Food Chemistry,
vol. 53, pp. 3902–3908, 2005.

[11] S. Fornasaro, L. Ziberna, M. Gasperotti et al., “Determination
of cyanidin 3-glucoside in rat brain, liver and kidneys by
UPLC/MS-MS and its application to short-term pharmacoki-
netic study,” Scientific Reports, vol. 6, p. 22815, 2016.

[12] C. Andres-Lacueva, B. Shukitt-Hale, R. L. Galli, O. Jauregui, R.
M. Lamuela-Raventos, and J. A. Joseph, “Anthocyanins in
aged blueberry-fed rats are found centrally and may enhance
memory,” Nutritional Neuroscience, vol. 8, pp. 111–120, 2005.

[13] M. A. El Mohsen, J. Marks, G. Kuhnle et al., “Absorption, tis-
sue distribution and excretion of pelargonidin and its metabo-
lites following oral administration to rats,” The British Journal
of Nutrition, vol. 95, pp. 51–58, 2006.

[14] J. Fleschhut, F. Kratzer, G. Rechkemmer, and S. E. Kulling,
“Stability and biotransformation of various dietary anthocya-
nins in vitro,” European Journal of Nutrition, vol. 45, pp. 7–
18, 2006.

[15] G. Woodward, P. Kroon, A. Cassidy, and C. Kay, “Anthocya-
nin stability and recovery: implications for the analysis of clin-
ical and experimental samples,” Journal of Agricultural and
Food Chemistry, vol. 57, pp. 5271–5278, 2009.

[16] S. C. Forester and A. L. Waterhouse, “Gut metabolites of
anthocyanins, gallic acid, 3-O-methylgallic acid, and 2,4,6-tri-
hydroxybenzaldehyde, inhibit cell proliferation of Caco-2
cells,” Journal of Agricultural and Food Chemistry, vol. 58,
pp. 5320–5327, 2010.

[17] G. M. Woodward, P. W. Needs, and C. D. Kay, “Anthocyanin-
derived phenolic acids form glucuronides following simulated
gastrointestinal digestion and microsomal glucuronidation,”
Molecular Nutrition & Food Research, vol. 55, pp. 378–386,
2011.

[18] E. Azzini, P. Vitaglione, F. Intorre et al., “Bioavailability of
strawberry antioxidants in human subjects,” The British Jour-
nal of Nutrition, vol. 104, pp. 1165–1173, 2010.

[19] T. Tsuda, F. Horio, and T. Osawa, “Absorption and metabo-
lism of cyanidin 3-O-β-D-glucoside in rats,” FEBS Letters,
vol. 449, pp. 179–182, 1999.

[20] M. G. Ferruzzi, J. K. Lobo, E. M. Janle et al., “Bioavailability of
gallic acid and catechins from grape seed polyphenol extract is
improved by repeated dosing in rats: implications for treat-
ment in Alzheimer’s disease,” Journal of Alzheimer's Disease,
vol. 18, pp. 113–124, 2009.

[21] P. Vitaglione, G. Donnarumma, A. Napolitano et al., “Pro-
tocatechuic acid is the major human metabolite of cyani-
din-glucosides,” The Journal of Nutrition, vol. 137,
pp. 2043–2048, 2007.

[22] N. Kelsey, W. Hulick, A. Winter, E. Ross, and D. Linseman,
“Neuroprotective effects of anthocyanins on apoptosis induced
by mitochondrial oxidative stress,” Nutritional Neuroscience,
vol. 14, pp. 249–259, 2011.

[23] A. Winter, E. K. Ross, S. Khatter, K. Miller, and D. A.
Linseman, “Chemical basis for the disparate neuroprotective
effects of the anthocyanins, callistephin and kuromanin,
against nitrosative stress,” Free Radical Biology & Medicine,
vol. 103, pp. 23–34, 2016.

[24] J. E. Brown and M. F. Kelly, “Inhibition of lipid peroxidation
by anthocyanins, anthocyanidins and their phenolic degrada-
tion products,” European Journal Lipid Science and Techology,
vol. 106, pp. 66–71, 2007.

[25] L. J. An, S. Guan, G. F. Shi, Y. M. Bao, Y. L. Duan, and B.
Jiang, “Protocatechuic acid from Alpinia oxyphylla against
MPP+-induced neurotoxicity in PC12 cells,” Food and
Chemical Toxicology, vol. 44, pp. 436–443, 2006.

[26] S. Guan, Y. M. Bao, J. Bo, and L. J. An, “Protective effect of pro-
tocatechuic acid from Alpinia oxyphylla on hydrogen
peroxide-induced oxidative PC12 cell death,” European Jour-
nal of Pharmacology, vol. 538, pp. 73–79, 2006.

[27] G. F. Shi, L. J. An, B. Jiang, S. Guan, and Y. M. Bao, “Alpinia
protocatechuic acid protects against oxidative damage
in vitro and reduces oxidative stress in vivo,”Neuroscience Let-
ters, vol. 403, pp. 206–210, 2006.

[28] A. Tarozzi, F. Morroni, S. Hrelia et al., “Neuroprotective effects
of anthocyanins and their in vivo metabolites in SH-SY5Y
cells,” Neuroscience Letters, vol. 424, pp. 36–40, 2007.

[29] D. A. Linseman, T. Laessig, M. K. Meintzer et al., “An essential
role for Rac/Cdc42 GTPases in cerebellar granule neuron sur-
vival,” The Journal of Biological Chemistry, vol. 276,
pp. 39123–39131, 2001.

[30] B. J. Tabner, O. M. El-Agnaf, S. Turnbull et al., “Hydrogen per-
oxide is generated during the very early stages of aggregation
of the amyloid peptides implicated in Alzheimer disease and
familial British dementia,” The Journal of Biological Chemistry,
vol. 280, pp. 35789–35792, 2005.

[31] A. Ferri, M. Cozzolino, C. Crosio et al., “Familial ALS-
superoxide dismutases associate with mitochondria and shift
their redox potentials,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 103,
pp. 13860–13865, 2006.

[32] A. K. Walker, M. A. Farg, C. R. Bye, C. A. McLean, M. K.
Horne, and J. D. Atkin, “Protein disulphide isomerase protects
against protein aggregation and is S-nitrosylated in amyotro-
phic lateral sclerosis,” Brain, vol. 133, pp. 105–116, 2010.

[33] S. J. Chinta and J. K. Andersen, “Nitrosylation and nitration of
mitochondrial complex I in Parkinson’s disease,” Free Radical
Research, vol. 45, pp. 53–58, 2011.

[34] M. Di Filippo, D. Chiasserini, A. Tozzi, B. Picconi, and P.
Calabresi, “Mitochondria and the link between neuroinflam-
mation and neurodegeneration,” Journal of Alzheimer's Dis-
ease, vol. 20, Supplement 2, pp. S369–S379, 2010.

[35] J. J. Miguel-Hidalgo, X. A. Alvarez, R. Cacabelos, and G.
Quack, “Neuroprotection by memantine against neurodegen-
eration induced by beta-amyloid(1-40),” Brain Research,
vol. 958, pp. 210–221, 2002.

[36] T. D. Helton, T. Otsuka, M. C. Lee, Y. Mu, and M. D. Ehlers,
“Pruning and loss of excitatory synapses by the parkin ubiqui-
tin ligase,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 105, pp. 19492–19497, 2008.

[37] K. Parameshwaran, M. Dhanasekaran, and V. Suppirama-
niam, “Amyloid beta peptides and glutamatergic synaptic dys-
regulation,” Experimental Neurology, vol. 210, pp. 7–13, 2008.

[38] A. E. King, A. Woodhouse, M. T. Kirkcaldie, and J. C. Vickers,
“Excitotoxicity in ALS: overstimulation, or overreaction?”
Experimental Neurology, vol. 275, Part 1, pp. 162–171, 2016.

[39] S. H. Appel, W. Zhao, D. R. Beers, and J. S. Henkel, “The
microglial-motoneuron dialogue in ALS,” Acta Myologica,
vol. 30, pp. 4–8, 2011.

12 Oxidative Medicine and Cellular Longevity



[40] G. Almer, C. Guegan, P. Teismann et al., “Increased expression
of the pro-inflammatory enzyme cyclooxygenase-2 in amyo-
trophic lateral sclerosis,” Annals of Neurology, vol. 49,
pp. 176–185, 2001.

[41] G. Almer, S. Vukosavic, N. Romero, and S. Przedborski,
“Inducible nitric oxide synthase up-regulation in a transgenic
mouse model of familial amyotrophic lateral sclerosis,” Journal
of Neurochemistry, vol. 72, pp. 2415–2425, 1999.

[42] K. Hensley, J. Fedynyshyn, S. Ferrell et al., “Message and
protein-level elevation of tumor necrosis factor α (TNFα)
and TNFα-modulating cytokines in spinal cords of the
G93A-SOD1 mouse model for amyotrophic lateral sclerosis,”
Neurobiology of Disease, vol. 14, pp. 74–80, 2003.

[43] J. Lee, S. J. Hyeon, H. Im, H. Ryu, Y. Kim, and H. Ryu, “Astro-
cytes and microglia as non-cell autonomous players in the
pathogenesis of ALS,” Experimental Neurobiology, vol. 25,
pp. 233–340, 2016.

[44] R. Taipa, P. Brochado, A. Robinson et al., “Patterns of micro-
glial cell activation in Alzheimer disease and frontotemporal
lobar degeneration,” Neurodegenerative Diseases, vol. 17,
pp. 145–154, 2017.

[45] X. Chen, Z. Liu, B. B. Cao, Y. H. Qiu, and Y. P. Peng, “TGF-β1
neuroprotection via inhibition of microglial activation in a rat
model of Parkinson’s disease,” Journal of Neuroimmune Phar-
macology, 2017.

[46] G. C. Brown and J. J. Neher, “Inflammatory neurodegenera-
tion and mechanisms of microglial killing of neurons,”Molec-
ular Neurobiology, vol. 41, pp. 242–247, 2010.

[47] S. L. Albarracin, B. Stab, Z. Casas et al., “Effects of natural anti-
oxidants in neurodegenerative disease,” Nutritional Neurosci-
ence, vol. 15, pp. 1–9, 2012.

[48] X. Gao, A. Cassidy, M. A. Schwarzschild, E. B. Rimm, and A.
Ascherio, “Habitual intake of dietary flavonoids and risk of
Parkinson disease,” Neurology, vol. 78, pp. 1138–1145, 2012.

[49] E. K. Ross, A. N. Winter, and D. A. Linseman, “Effects of
anthocyanins on neuronal and cognitive brain function,” in
Anthocyanins in Health and Disease, T. C. Wallace and M.
M. Giusti, Eds., pp. 279–308, CRC Press, 2013.

[50] J. Y. Ban, S. O. Cho, S. Y. Jeon, K. Bae, K. S. Song, and Y. H.
Seong, “3,4-Dihydroxybenzoic acid from Smilacis chinae rhi-
zome protects amyloid β protein (25–35)-induced neurotoxic-
ity in cultured rat cortical neurons,” Neuroscience Letters,
vol. 420, pp. 184–188, 2007.

[51] E. Alberdi, M. V. Sanchez-Gomez, F. Cavaliere et al., “Amyloid
β oligomers induce Ca2+ dysregulation and neuronal death
through activation of ionotropic glutamate receptors,” Cell
Calcium, vol. 47, pp. 264–272, 2010.

[52] C. Kropat, D. Mueller, U. Boettler et al., “Modulation of Nrf2-
dependent gene transcription by bilberry anthocyanins
in vivo,” Molecular Nutrition & Food Research, vol. 57,
pp. 545–550, 2013.

[53] K. F. Bell, B. Al-Mubarak, M. A. Martel et al., “Neuronal devel-
opment is promoted by weakened intrinsic antioxidant
defences due to epigenetic repression of Nrf2,” Nature Com-
munications, vol. 6, p. 7066, 2015.

[54] M. J. Kim, A. R. Seong, J. Y. Yoo et al., “Gallic acid, a histone
acetyltransferase inhibitor, suppresses β-amyloid neurotoxic-
ity by inhibiting microglial-mediated neuroinflammation,”
Molecular Nutrition & Food Research, vol. 55, pp. 1798–
1808, 2011.

[55] H. N. Zhang, C. N. An, H. N. Zhang, and X. P. Pu, “Protocate-
chuic acid inhibits neurotoxicity induced by MPTP in vivo,”
Neuroscience Letters, vol. 474, pp. 99–103, 2010.

[56] S. J. Tsai andM. C. Yin, “Anti-glycative and anti-inflammatory
effects of protocatechuic acid in brain of mice treated by
D-galactose,” Food and Chemical Toxicology, vol. 50,
pp. 3198–3205, 2012.

[57] Y. Song, T. Cui, N. Xie, X. Zhang, Z. Qian, and J. Liu, “Proto-
catechuic acid improves cognitive deficits and attenuates amy-
loid deposits, inflammatory response in aged AbetaPP/PS1
double transgenic mice,” International Immunopharmacology,
vol. 20, pp. 276–281, 2014.

[58] A. N. Winter, “The neuroprotective and therapeutic effects of
anthocyanins and their metabolites in vitro and in a mouse
model of amyotrophic lateral sclerosis,” Electronic Theses and
Dissertations, vol. 1188, 2016, http://digitalcommons.du.edu/
etd/1188.

13Oxidative Medicine and Cellular Longevity

http://digitalcommons.du.edu/etd/1188
http://digitalcommons.du.edu/etd/1188


Submit your manuscripts at
https://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


