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Abstract

Consumption of flavan-3-ols, notably (-)-epicatechin (EC), has been highly recommended in
complementary and alternative medicine (CAM) due to reports that flavan-3-ols boost antioxidant
activity, support vascular function, and prevent cardiovascular disease. To date, /17 vivo efficacy
and mechanisms of action for many CAM therapies, including EC, remain elusive in brain
ischemia. In contrast to its purported direct antioxidant role, we hypothesized protection through
activation of the endogenous transcriptional factor Nrf2. To screen cellular protection and
investigate Nrf2 activation, we adopted a pretreatment paradigm using enriched primary neuronal
cultures from mice and washed out EC prior to oxygen glucose deprivation to attenuate direct
antioxidant effects. EC protected primary neurons from oxygen glucose deprivation by increasing
neuronal viability (40.2 £ 14.1%) and reducing protein oxidation, effects that occurred
concomitantly with increased Nrf2-responsive antioxidant protein expression. We also utilized
wildtype and Nrf2 C57BL/6 knockout mice in a permanent model of focal brain ischemia to
evaluate glial cell regulation and complex sensorimotor functioning. EC-treated wildtype mice
displayed a reduction or absence of forelimb motor coordination impairments that were evident in
vehicle-treated mice. This protection was associated with reduced anatomical injury (54.5 + 8.3%)
and microglia/macrophage activation/recruitment (56.4 + 13.0%). The protective effects elicited
by EC in both model systems were abolished in tissues and neuronal cultures from Nrf2 knockout
mice. Together, these data demonstrate EC protection through Nrf2 and extend the benefits to
improved performance on a complex sensorimotor task, highlighting the potential of flavan-3-ols
in CAM approaches in minimizing subsequent stroke injury.
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Introduction

Stroke remains a leading cause of long-term disability and death worldwide, resulting in a
total cost of approximately $67 billion annually (http://www.pwc.com/us/en/health-
industries/publications/medical-treatment-cost-of-brain-disease.jhtml). With the exception of
supportive care, the only viable treatment option is thrombolytic therapy. Although effective
when administered within 4.5 h after onset (Maiser et a/., 2011), the majority of patients are
ineligible due to comorbidities, medicinal contraindications, and/or presentation beyond the
therapeutic window. Due to low patient eligibility and the narrow therapeutic window for
treatment, the ability of natural compounds to bolster protective systems in the brain prior to
stroke is an area of interest.

Complementary and alternative medicinal (CAM) approaches have yielded a convincing
body of epidemiological data boasting health benefits associated with the consumption of
food sources containing flavan-3-ols. In particular, evidence supports a role for dark
chocolate in improving vascular function (Fisher et al., 2006; Sorond et al., 2010; Sudano et
al., 2012), reducing the risk for cardiovascular disease and stroke (Hollenberg et al., 2009;
Heiss et al., 2010). Recently, benefits were also extended to enhanced cognitive performance
(Nehlig, 2013). We have been investigating the naturally occurring flavan-3-ol (-)-
epicatechin (EC), enriched in some cocoa, dark chocolate, and green tea, to begin
deciphering the ways in which EC prophylaxis might improve stroke outcomes. Despite its
demonstrated safety and availability, little is known regarding EC mechanisms of action. A
greater understanding of EC and other natural compounds is necessary if these CAM
approaches are to be recommended to the general public.

The stoichiometry for direct antioxidation by EC would require relatively high brain
bioavailability to protect against stroke-induced oxidation. Because EC undergoes extensive
metabolism following oral consumption in humans and rodents (Baba et a/., 2001; Ottaviani
et al.,, 2011), this mechanism may not account for neuroprotection. The transcriptional factor
Nrf2 is an endogenous regulator of cell survival and is considered a multi-organ protector
(Kensler et al., 2007). In response to cellular stress, Nrf2 induces expression of
cytoprotective genes that attenuate tissue injury (Wakabayashi et al., 2003; Li et al., 2004).
Several lines of evidence from experimental models support a protective role for Nrf2 in
various pathological conditions (Ramos-Gomez et al., 2001; Rangasamy et al., 2005).
Because activators that induce Nrf2-responsive gene expression have been shown to provide
protection against experimental stroke (Kraft et al., 2004; Zhao et al., 2006), the prospect of
EC-mediated Nrf2 activation is intriguing.

Our laboratory has previously shown that EC effectively reduced infarct volume and basic
neurological deficits when measured 72 h after transient brain ischemia (Shah et a/., 2010).
However, those studies did not evaluate complex sensorimotor functions after permanent
ischemia or the ability of EC to modulate gliosis. Here, we performed a detailed study
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employing /n vivoand /n vitro models to further elucidate the role of Nrf2 in EC protection
and evaluate outcomes up to 1 week after stroke. The adhesive removal test was selected to
evaluate functional outcomes because weakness or loss of forelimb function is more
analogous to the clinical setting.

Materials and methods

Animal care

All experiments were approved by the Institutional Animal Care and Use Committee at the
University of Florida, in accordance with the Guide for the Care and Use of Laboratory
Animals and the guidelines laid down by the National Institutes of Health in the United
States regarding the care and use of animals for experimental procedures. Three-month-old
male wildtype (WT) and Nrf2 knockout (Nrf2~/~) C57BL/6 mice (Harlan Labs,
Indianapolis, IN, USA) were housed in a climate-controlled facility (23 + 1 °C) on a 12-h
reversed light—dark cycle and were provided food and water ad /ibitum.

EC treatment and pdMCAO

Adult (2-3 months) male WT or Nrf2~~ mice were randomized and administered either
methylcellulose vehicle or 5, 10, or 15 mg/kg of freshly prepared EC (Sigma Aldrich, St
Louis, MO, USA) by gavage 90 min prior to permanent distal middle cerebral artery
occlusion (pdMCAO), as previously described (Wang ef a/., 2011). The pdMCAO procedure
was performed under anesthesia using 4% halothane for induction and 2% halothane (with
1.5/3.0% oxygen/air balance) for maintenance throughout the procedure. Halothane was
used because of the documented effects of isoflurane on Nrf2-inducible protein expression
(Schmidt et al., 2007), which could confound the interpretation of results. Complete
occlusion was confirmed by severance of the vessel. There were no overt signs of stress for
any animals participating in these studies.

Adhesive removal test

Due to the relatively mild behavioral deficits produced by pdM-CAQ cortical injury, mice
were tested for performance on an adhesive removal task. This task requires forelimb
strength, sensation, and complex sensorimotor coordination, and impaired animals mimic
clinical pathology in which stroke patients often report weakness and/or loss of function in
one or more extremities. Adhesive tape was placed on the planar surface of the forepaw and
latency to remove was recorded. Mice were trained for 3 days, tested for baseline
performance prior to stroke, and post-tested 1 day after stroke.

Histology and immunohistochemistry

Lesion volume and total immunoreactivity were calculated from 16 brain sections collected
at even intervals throughout the expanse of the cortical infarct. At 7 days post-stroke, mice
were perfused, brains were fixed and cryosectioned, and sections were stained with Cresyl
Violet for lesion volume quantification. Immunohistochemistry (IHC) was performed to
evaluate reactive gliosis [anti-CD11b, 1 : 1000 (Serotec, Raleigh, NC, USA) or anti-ionized
calcium-binding adapter molecule 1 (Ibal), 1 : 1000 (Wako, Richmond, VA, USA) for
microglia/macrophages and anti-glial fibrillary acidic protein (GFAP), 1 : 500 (Abcam,

Eur J Neurosci. Author manuscript; available in PMC 2018 June 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leonardo et al.

Page 4

Cambridge, MA, USA) for astrocytes] (Leonardo et al., 2010). These antibodies are listed
and cited in the Journal of Comparative Neurology database. Primary antibodies were
omitted in control experiments to validate antibody selectivity.

Fluoro-Jade staining was also performed as an additional validation tool for identifying
cortical neurodegeneration produced by pdMCAO. Briefly, sections were incubated for 5
min in 100% EtOH containing 1% NaOH, followed by 2 min in 70% EtOH and 2 min in
distilled water (dH,0). Sections were then incubated for 10 min in 0.6% KMnO, and for 2
min in dH,0 and stained for 10 min in 0.001% Fluoro-Jade B (Thermo Fisher Scientific,
Pittsburgh, PA, USA) prepared in 0.1% acetic acid. After staining, sections were rinsed three
times for 1 min each in dH»0, dried for 5 min at 40 °C, cleared for 2 min in HistoClear
(Thermo Fisher Scientific), and coverslipped with Cytoseal (Thermo Fisher Scientific).

Images were acquired using an Aperio ScanScope XT (Cresyl Violet and IHC) or FL
(Fluoro-Jade) slide scanner and quantifications were performed using ImageScope software
(Aperio, Vista, CA, USA). The ImageScope algorithm ‘Positive Pixel Count’ was used to
quantify pixel numbers corresponding to weak positive, positive, and strong positive signal
based on preset criteria. Due to the abundance of quiescent microglia/macrophages and
resting astrocytes, strong positive pixels were used to identify staining that reflected
activated glial cells. The positive pixel counts were expressed as a ratio of the total cortical
area measured, and ipsilateral calculations were then expressed relative to the contralateral
hemisphere for each section to control for potential variations in antibody penetrance or
tissue processing.

Postnatal-enriched primary neuronal cultures

Mouse cortical neurons were isolated from 0- to 1-day-old WT and Nrf2~/~ pups, cultured in
serum-free Neurobasal medium supplemented with GlutaMax, L-glutamine, and B27
(Invitrogen, Carlshad, CA, USA) (Echeverria et al., 2005). Cultures were pretreated with 50
or 100 uM EC for 6 h in Neurobasal/B27 minus antioxidant-supplemented medium prior to
oxygen glucose deprivation (OGD), as previously described (Agrawal et al., 2013), with
minor modifications. Cultures were rinsed once with the glucose-free, pre-equilibrated
medium bubbled with 100% N5 for 10 min and this oxygen-deprived, glucose-free medium
was added to cultures and incubated at 5% CO2/95% N, for 4 h. After OGD, fresh glucose-
containing medium was added and cultures were subjected to reoxygenation for 24 h at

37 °C in 5% C04/95% atmosphere.

Cell viability and toxicity were assessed by MTT (3-(4,5- dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) and LDH (lactate dehydrogenase) assays, respectively (G-
Biosciences, St Louis, MO, USA), and live/dead cells were evaluated using calcein AM/
ethidium homodimer 1 (EthD-1) staining (Invitrogen). Photomicrographs showing changes
in neuronal morphology were captured using a Leica inverted microscope and calcein AM/
EthD-1-positive images were merged.

Neuronal protein expression and oxidation

Cells were lysed, protein was extracted, 30 ug of protein per sample was electrophoretically
resolved on a 12% SDS-PAGE gel (Bio-Rad, Hercules, CA, USA), and Western blots were
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performed as previously described (Agrawal et a/., 2013) using antibodies generated against
heme oxygenase 1 (HOL, 1 : 1000; Enzo Life Sciences, Farmingdale, NY, USA) (Ueda et
al., 2008), ferritin light chain (FTL, 1 : 1000; Abnova, CA, USA) (Wu et al., 2011),
biliverdin reductase (BVR, 1 : 1000; Enzo Life Sciences) (Maines et al., 1999), and p-actin
(1 : 1000; Sigma Aldrich). Proteins were detected using chemiluminescence, and
membranes were imaged using a FluorChem E imager (ProteinSimple, Santa Clara, CA,
USA). Protein oxidation was measured using the OxyBlot protein oxidation detection kit
(EMD Millipore, Billerica, MA, USA), as previously described (Kim & Doré, 2005).

Statistical analyses

Results

All analyses were performed blinded such that experimenters performing surgery, behavioral
testing, anatomical measures, and data analysis were unaware of the genotypes and
treatments. Data are expressed as mean + SEM. Statistical significance was set at £< 0.05.
Bartlett’s tests showed no significant differences in group variances; therefore, data were
evaluated using parametric statistics. Data from experiments evaluating a single factor
(treatment) between two groups were analysed by two-tailed, unpaired Student’s #test. For
experiments with more than two groups (dose—response studies), significance was
determined using one-way ANOVA to minimize the potential for Type I Error that could
result from multiple #tests. Where main effects occurred, Bonferroni post hoc analyses were
then used to evaluate multiple group comparisons. For behavioral experiments, the use of a
two-by-two factorial design [treatment (vehicle or EC) and time (pretest or post-test)]
required analysis by two-way ANOVA followed by Bonferroni post hoc analyses. All data
were analysed using GRAPHPAD PRISM (GraphPad Software Inc., La Jolla, CA, USA)
data analysis software.

EC protects enriched primary neuronal cultures from OGD through Nrf2

Primary neuronal cultures from WT and Nrf2~/~ pups were subjected to OGD (Figs 1 and 2)
and pretreated with EC to validate and extend our previous /n vitro findings that
demonstrated protection. Pretreatment with 50 or 100 pM EC protected WT neurons from
OGD, and this protection was essentially abolished in Nrf2~/~ cultures. MTT assay (Fig. 1A)
showed that cell viability was decreased by 71.7 + 10.0% after OGD and was increased by
40.2 £ 14.1% in WT cultures pretreated with 100 uM EC (F =9.364, £ =0.0083). In
subsequent experiments with Nrf2~/~ cultures, cell viability was decreased by 53.33 + 6.0%
after OGD, whereas EC failed to increase the viability (F= 34.48, £<0.0001) in the
knockout cultures. Similarly, LDH assay (Fig. 1B) showed increased cytotoxicity by 43.3

+ 3.2% after OGD and reductions in OGD-induced cytotoxicity (13.5 + 2.0 and 23.6

+ 3.1%) in WT cultures after pretreatment with 50 or 100 uM EC (F=61.93, A< 0.0001).
Subsequent experiments in Nrf2~/~ cultures showed increased cytotoxicity by 58.27 + 1.34%
after OGD, whereas EC failed to reduce OGD-induced cytotoxicity (F= 302.0, A< 0.0001)
in the knockout cultures.

To validate these initial findings, additional experiments were performed using Calcein AM
and EthD-1 assays to provide alternative means of assessing cell viability in this model
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system. The Calcein AM assay (Fig. 2A) showed that live cells were decreased by 62.54

+ 9.7% after OGD and increased by 30.9 + 14.2 and 55.4 + 10.4% in WT cultures pretreated
with 50 or 100 uM EC, respectively (F =2.509, P =0.0556). In subsequent experiments with
Nrf2~/~ cultures, the percentage of live cells was decreased by 60.63 + 1.5% after OGD,
whereas EC failed to increase the viability (F=90.47, £< 0.0001) in the knockout cultures.
Similarly, EthD-1 assay (Fig. 2B) showed an increase in dead cells by 46.1 + 2.6% after
OGD and reductions in OGD-induced dead cells (22.0 + 6.6 and 40.4 = 1.1%) in WT
cultures after pretreatment with 50 or 100 uM EC, respectively (F= 28.06, A< 0.0004).
Subsequent experiments in Nrf2~/~ cultures showed an increase in dead cells by 43.95

+ 0.87% after OGD, whereas EC failed to reduce OGD-induced dead cells (F=76.73, P<
0.0001) in the knockout cultures.

EC induces expression of Nrf2-responsive antioxidant proteins

Western blots were performed to assess levels of some Nrf2/ARE-regulated proteins with
known cytoprotective roles (Fig. 3A). Results showed a dose-dependent increase in HO1,
FTL, and BVR after treatment with 50 or 100 uM EC prior to OGD. The HO1 protein was
significantly increased 1.8 + 0.5 fold compared with control when pretreated with 100 pM
EC. HO1 levels were reduced in cells exposed to OGD (0.6 + 0.1 fold) compared with
control and increased to (0.5 £ 0.1 and 1.2 + 0.2 fold) with 50 or 100 uM EC, respectively (F
=9.87, P=0.0006). FTL was increased 0.5 + 0.2 fold compared with control when
pretreated with 50 or 100 uM EC. FTL levels were reduced in cells exposed to OGD (0.7

+ 0.1 fold) compared with control and increased to 0.9 + 0.1 fold with 100 uM EC (F= 26.6,
P=0.0005). Similarly, BVR was increased significantly 1.4 + 0.5 fold compared with
control when pretreated with 100 uM EC. BVR levels were reduced in cells exposed to
OGD (0.7 = 0.1 fold) compared with control and increased (1.7 + 0.1 fold) with 100 uM EC
(F=12.97, P=0.0036).

Oxidative protein modifications (Fig. 3B) were also increased in cells exposed to OGD (61.1
+ 2.9%) compared with controls. Interestingly, carbonyl levels were reduced after
pretreatment with 50 or 100 uM EC (20.5 £ 2.1 and 49.7 £ 1.4%, respectively) compared
with controls (F=296.4, < 0.0001).

EC reduces infarct volume and sensorimotor deficits through Nrf2

After establishing proof of concept /n vitro, we next asked whether protection following
preventative, acute oral administration could be extended up to 7 days after stroke in another
model of focal cerebral ischemia that lacks reperfusion injury (Fig. 4). Cresyl Violet-stained
sections from vehicle-treated mice subjected to pdMCAQ showed degenerative morphology
within the ipsilateral cortex relative to the contralateral hemisphere. Pretreatment with EC
preserved ipsilateral cellular morphology, as it more closely resembled that of the
contralateral hemisphere (Fig. 4A). Quantification of infarct volume (Fig. 4B) showed that
all EC doses significantly reduced infarct volume in WT mice (5 mg/kg = 54.5 + 8.3%; 10
mg/kg = 40.1 + 14.2%; 15 mg/kg = 50.4 + 10.1%) relative to vehicle (F =4.412, P =0.013).
In subsequent experiments assessing the optimal dose of 15 mg/kg EC in Nrf2~~ mice, EC
failed to reduce infarct volume in these knockout mice (3 = 0.815, P=0.215).
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Experiments also investigated whether EC promotes functional recovery in WT mice treated
with vehicle or EC (Fig. 4C). Results showed main effects of both time (F= 18.46, P<
0.0001) and treatment (F=4.116, £=0.011). Subsequent group comparisons showed that
the latency to remove adhesive tape was increased 1 day after stroke in vehicle-treated mice
compared with pre-surgical baseline scores (42.7 £ 11.4 vs. 13.1 £ 2.0 s, P =0.025),
demonstrating stroke-induced deficits. Deficits were also evident in WT mice after treatment
with 5 mg/kg EC (23.3 £3.3vs. 125+ 0.9 s, £=10.008) or 10 mg/kg (23.5 + 5.0 vs. 11.6

+ 1.3's, P=0.039), yet those that received the 15 mg/kg dose showed no significant deficits
(14.0+1.7svs. 12.1+0.9s, = 0.323). In contrast, the subsequent Nrf2~/~ study showed a
main effect of time (F=6.420, = 0.016) but no effect of treatment (F= 0.035, A= 0.854).
Group comparisons confirmed deficits in adhesive removal post-stroke relative to baselines
in vehicle-(16.7 £ 3.9 vs. 10.2 + 1.6 s, A= 0.037) and EC-treated (15.7 + 2.2 vs. 9.3 £ 0.9 s,
P=10.023) mice, with no differences in the magnitude of post-stroke deficits between
vehicle-or EC-treated mice (16.7 £ 3.9 vs. 15.7 £ 2.2 s, £=0.500).

EC does not affect reactive astrogliosis 7 days after pdMCAO

To determine whether EC modulates glial responses to stroke, the gliosis profile was first
characterized within the core and peri-infarct zones of vehicle-treated mice 7 days after
pdMCAO (Fig. 5A). Fluorescent immunohistochemical double-labeling showed a clear
border (i; dashed line) delineating peri-infarct cortex, which displayed an abundance of
reactive GFAP-positive astrocytes (ii) from the core infarction area, which was densely
populated by CD11b-positive microglia/macrophages (iii) (Fig. 5B). Quantification of GFAP
immunoreactivity (Fig. 5C), as measured by DAB staining, showed that despite a ubiquitous
astroglial response in vehicle-treated mice, this response was not altered in response to EC
treatment (F=0.090, A= 0.965).

EC reduces microglia/macrophage activation 7 days after pdMCAO

In contrast to GFAP-positive astrocytes, which showed no differences across treatment
groups, sections from mice treated with 15 mg/kg EC showed fewer Ibal-positive cells
displaying the activated phenotype in the ipsilateral cortex (Fig. 6A). Instead, cellular
morphology within the ischemic cortex resembled the quiescent phenotype detected
throughout the contralateral hemispheres. Quantification of lbal (Fig. 6B) showed
significant differences with respect to treatment (F= 5.347, P=0.005). Specifically, EC
reduced Ibal immunoreactivity relative to vehicle when administered at 10 mg/kg (41.4
+ 10.8%, £=10.018) or 15 mg/kg (56.4 + 13.0%, P = 0.008), whereas there were no
significant differences between the vehicle and 5 mg/kg groups (100.0 £ 10.0 vs. 102.0
+14.5%, P=0.922).

Discussion

Taken together, these data suggest that EC would be beneficial in minimizing stroke injury
by reducing oxidative protein damage through the Nrf2 activation pathway, which also leads
to dampened microglia/macrophage activation. /n vivo experiments demonstrated
histological and functional improvements following a range of doses, with 15 mg/kg being
the optimal dose in reducing all negative outcomes, including cortical infarction, microglia/
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macrophage activation, and impaired adhesive removal performance. Furthermore, the
absence of protection in Nrf2~~ mice provided direct evidence of a role for Nrf2 in
mediating these effects. These results were consistent with experiments in postnatal-
enriched primary neuronal cultures, which further demonstrated a protective mechanism
through Nrf2 in improving cell viability and reducing cytotoxicity and cell death, which was
linked to cytoprotective protein expression and diminished neuronal protein oxidation.

Consistent with benefits identified in epidemiological studies, the administration of naturally
occurring polyphenols, including flavan-3-ols, has shown promise in experimental injury
models characterized by ischemic neurodegeneration (Choi et al., 2004; Lee et al., 2004;
Suzuki et al., 2004; Simonyi et al., 2005; Sutherland et a/., 2005; Bu et al., 2007; Leonardo
& Doré, 2011). Despite these findings, rigorous investigations using multiple models are
needed to elucidate the mechanisms that mediate these benefits, and are also recommended
by the Stroke Therapy Academic Industry Roundtable (STAIR, 1999). In the present study,
we accomplished this task by evaluating dose—response efficacy, further investigating the /in
vivo mechanism using Nrf2~~ mice, and extending both the time frame and the translational
value of outcome measures. Although we and other laboratories have previously utilized
neurological deficit scoring systems and other basic behavioral assays to evaluate functional
outcomes shortly after stroke, there is currently a need for additional behavioral paradigms
that more closely resemble clinical pathology at extended time points after insult. Notably,
these studies adopted the Adhesive Removal Test to determine the functional efficacy of EC.
This test reflects impaired forelimb functioning reminiscent of the reported weakness and/or
loss of function that patients report in their extremities following stroke. Thus, this measure
provides additional means to reproduce pathology similar to that which occurs in the clinical
setting. The /n vivo doses selected and the response profile observed also highlight the
potential for safe, prophylactic use of EC, as the relatively low oral dose of 15 mg/kg
effectively improved all outcomes measured, including marked reductions in infarct volume
up to 7 days after stroke. Based upon those data, this optimal dose was selected for
subsequent investigations with Nrf2~/~ mice.

Our findings were also validated in primary neuronal cultures using the OGD model,
providing additional evidence that EC protects neuronal cells through Nrf2. To our
knowledge, no other laboratories have validated this /7 vivo mechanism of EC in parallel
studies using primary neuronal cultures with the OGD paradigm. To essentially preclude the
possibility of direct antioxidant effects /in vitro, EC was removed from the media prior to
OGD exposure. Therefore, ECs elicitation of neuroprotection in neuronal cells from WT
mice suggests activation of neuroprotective pathways as opposed to direct antioxidation. EC
activation of Nrf2, in particular, was supported by the demonstrated upregulation of HO1,
FTL, and BVR, all of which contain Nrf2-responsive ARE elements within their promoter
regions (Leonardo & Doré, 2011), as well as the loss of protection observed in neurons from
Nrf2~/~ mice. However, we cannot deny that other cellular pathways may have contributed
to neuroprotection and the induction of these proteins.

If /n vivo EC protection is mediated by Nrf2 activation, as our studies suggest, this raises
implications for the potential benefits of EC and EC-enriched extracts in minimizing stroke-
induced tissue injury. Notably, Nrf2 induction would allow for biological effects conferred
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by parent molecules that exhibit low brain bioavailability, which may be the case with EC
and other flavan-3-ols after consumption in humans (Manach et al., 2004, 2005). In this
scenario, even relatively small amounts of the parent compound can trigger an endogenous
switch within the brain that amplifies cellular protection through upregulated protein
expression. Indeed, we have previously shown that HO1 plays a role in protecting the brain
from permanent focal ischemia (Zeynalov et al., 2009; Shah et al.,, 2011). Of interest, HO1
also contains the most ARE elements in its promoter region (Wasserman & Fahl, 1997),
further suggesting that HO1 is the downstream target mechanism through which EC
activation of Nrf2 elicits protection.

In apparent contrast to the major conclusion here, a previous study using the Nrf2 activator
sulforaphane reported no improvements using a similar model of photothrombotic ischemia
and similar outcome measures (Porritt et al., 2012). Several methodological differences may
account for the discrepancy. One key distinction was the use of Nrf2~/~ mice here, in
contrast to a pharmacological activator validated by Nrf2-regulated gene transcripts as direct
measures of Nrf2 induction. In the present study, EC activation of the Nrf2 pathway was also
confirmed using the OGD model, and the use of knockout mice allowed for clear
interpretations of Nrf2 effects on EC efficacy. A second distinction between the studies was
prophylactic treatment with EC versus delayed, post-stroke administration of sulforaphane,
which may be an important difference considering the known effects of EC on vascular
function (Alfieri et al., 2011). From this perspective, our results may reflect the ability of EC
to diminish vascular injury that occurs immediately or shortly after occlusion. However,
neither sulforaphane nor EC reduced astrogliosis, which might suggest heightened vessel
damage regardless of the treatment administered. This explanation is speculative, however,
because vascular effects were not investigated in this study. Alternatively, because Nrf2
induction by activated astrocytes may be a primary mechanism of neuroprotection,
astrogliosis may not necessarily signify deleterious processes.

In addition to the timing of administration, the selected endpoints may provide insights into
the role of Nrf2 in EC-mediated protection. Histological outcomes were assessed at 7 days

in the present report as opposed to 24 and 72 h after photothrombosis. Interestingly, both
results are consistent with a previous report that demonstrated efficacy after treatment with
the Nrf2 activator tert-butylhydroquinone in WT but not Nrf2~~ mice, and showed worse
outcomes in Nrf2~/~ mice at 7 days but not 24 h following permanent focal ischemia (Shih et
al., 2005). Thus, it appears as though the relationship between Nrf2 activation and
neuroprotection is a tenuous one that is related to temporal injury progression and the timing
of administration.

While EC clearly prevented neuronal loss and improved functional outcomes, various cell
types, including astrocytes, microglia, endothelial cells, or neurons (as demonstrated in
cultures) may mediate these effects. Because penumbral expansion is intimately connected
with pro-inflammatory signaling by resident immune cells and infiltrating peripheral
macrophages (Dirnagl et al., 1999), it is tempting to attribute neuroprotection to reduced
microglia/macrophage activation. However, decreased Ibal immunoreactivity at 7 days is
insufficient to establish a mechanism of inflammation-induced penumbral expansion in the
absence of an extended time course. Interestingly, although polyphenol-rich green tea extract
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was able to prevent cell swelling in C6 microglial cultures subjected to OGD, neither EC nor
any other individual polyphenol constituent was able to reproduce this effect (Panickar et al.,
2009).

Another explanation for EC protection may be through reduced reactive oxygen species
(ROS), which could be achieved by dampening immune cell activation. In the case of
cerebral ischemia, resident microglia, peripheral macrophages, and neutrophils are present
throughout the acute phase of stroke and probably contribute to oxidative stress, particularly
within the core and immediate peri-infarct regions. However, the present study was
conducted with the major goal of evaluating efficacy 7 days after stroke onset. Because all
histology was performed in 7-day-old tissues, a thorough time course evaluating activation
of each immune cell type would be necessary to determine the major source(s) of ROS. We
noted morphological differences between Ibal-positive cells in the infarct core and those in
the peri-infarct regions. Both phenotypes appeared to be activated, but perhaps to different
degrees. These phenotypic differences could also reflect different cell populations, as Ibal is
not selective for resident microglia and the amoeboid cells identified throughout the core
infarct with CD11b exhibited classic foamy macrophage morphology. Nonetheless, these
data do not provide a clear answer as to the definitive cell type involved in ROS generation.

Due to the complexity of the /n vivo microenvironment, future studies are necessary to gain
a clearer understanding of glial cell modulation by EC and other flavan-3-ols following
stroke. In conclusion, we believe that many of the beneficial effects attributed to the
consumption of EC-enriched dietary sources can also protect the brain against stroke.
Additionally, data suggest that these health benefits are not solely based on antioxidant
properties of polyphenols, but may occur in large part through activation of the endogenous
Nrf2 cytoprotective pathway.
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BVR biliverdin reductase
CAM complementary and alternative medicine
EC (-)-epicatechin

EthD-1 ethidium homodimer 1

FTL ferritin light chain

GFAP glial fibrillary acidic protein

HO1 heme oxygenase 1

Ibal ionized calcium-binding adapter molecule 1
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LDH lactate dehydrogenase

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Nrf2=/- Nrf2 knockout

OGD oxygen glucose deprivation

pdMCAO permanent distal middle cerebral artery occlusion

WT wildtype
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EC protects primary neuronal cultures from OGD through Nrf2 activation. WT or Nrf27/~
cells pretreated for 6 h with EC and subjected to 4 h OGD followed by 24 h reoxygenation.
(A) MTT assay showed increased viability in WT neurons treated with 100 uM EC, whereas
protection was abolished in Nrf2~/~ cultures. (B) LDH assay showed reduced cytotoxicity
following treatment with 50 or 100 uM EC, whereas protection was negated in Nrf2~/~
neurons. *P< 0.05; **P< 0.01; #£< 0.05; #P < 0.01; *compared with control groups;

*compared with OGD.
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Fig. 2.

EC protects primary neuronal cultures from OGD through Nrf2 activation. WT or Nrf2~/~
cells pretreated for 6 h with EC and subjected to 4 h OGD followed by 24 h reoxygenation.
(A) Calcein AM assay confirmed the MTT assay, showing a higher percentage of live
neurons in WT cultures treated with 50 or 100 uM EC compared with Nrf2~/~ cultures. (B)
EthD-1 assay confirmed the LDH assay, showing reduced dead neurons in EC-treated WT
cultures relative to Nrf2~/~ cultures. (C) Micrographs of live (green) and dead (red) cells
measured by Calcein AM and EthD-1 staining in WT cultures. (D) Micrographs of live
(green) and dead (red) cells measured by Calcein AM and EthD-1 staining in Nrf2~/~
cultures. **P< 0.01; #P< 0.05; # P < 0.01; *compared with control groups; *compared with
OGD. Scale bar = 50 um. [Color version of figure available online].
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Fig. 3.

Eg protection occurs through upregulated expression of Nrf2-responsive proteins and
reduced protein oxidation. (A) Western blot shows dose-dependent increase in HO1, FTL,
and BVR in WT neurons. (B) OxyBlot assay and quantification shows reduced carbonyl
levels in neurons treated with 50 or 100 uM EC relative to untreated cultures. *P < 0.05; **P
<0.01; #P< 0.05; #P< 0.01; #compared with control; *compared with OGD.
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Fig. 4.

N?fz is required for EC protection from permanent focal ischemia. (A) Cresyl Violet-stained
sections show greater degenerative injury after vehicle treatment relative to 15 mg/kg EC.
(B) Quantification of infarct volume shows reductions in EC-treated WT mice, whereas no
protection was observed in Nrf2~/~ mice treated with 15 mg/kg EC. (C) Adhesive removal
performance shows reduced deficits in EC-treated WT mice, whereas no protection was
observed in Nrf2~~ mice. n=8; **P < 0.01; *P< 0.05; ns, not significant; Cont,
contralateral; Ips, ipsilateral. Scale bars = 100 um.
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Eg treatment has no effect on astrogliosis 7 days after permanent focal ischemia. (A)
Fluoro-Jade staining shows a vast region of cortical neurodegeneration surrounding the core
infarct, which is devoid of neuronal cells. (B) The gliosis profile characterized 7 days after
pdMCAO shows the infarction border (i; dashed line), delineating GFAP-positive reactive
astrocytes (ii) within the peri-infarct region from CD11b-positive microglia/macrophages
(iii) within the core infarction. (C) Quantification of GFAP immunoreactivity visualized
with DAB staining showed no differences between vehicle- or EC-treated WT mice. /7= 8;
ns, not significant; Cont, contralateral; Ips, ipsilateral. Scale bars = 300 um (i), 100 pm (ii,

ii).
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Fig. 6.

Eg treatment reduces microglia/macrophage activation 7 days after permanent focal
ischemia. (A) Micrographs show Ibal-positive microglia/macrophages after treatment with
vehicle or 15 mg/kg EC. Immunoreactive cells in the contralateral cortex of vehicle-treated
mice show a quiescent phenotype compared with activated cells in the ischemic cortex
(insets). EC at 15 mg/kg reduced numbers of activated Ibal-positive cells in the ischemic
cortex, and the phenotype resembled inactivated contralateral cells (inset). (B)
Quantification of Ibal immunoreactivity shows reductions in WT mice treated with 10 or 15
mg/kg EC relative to vehicle-treated controls, whereas there was no difference in mice
treated with 5 mg/kg. n=8; **P< 0.01; ns, not significant; Cont, contralateral; Ips,
ipsilateral; scale bars = 100 pm.
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