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Abstract

Background and Purpose—Nuclear erythroid 2 related factor 2 (Nrf2) is an astrocyte-

enriched transcription factor that has previously been shown to upregulate cellular antioxidant 

systems in response to ischemia. While resveratrol preconditioning (RPC) has emerged as a 

potential neuroprotective therapy, the involvement of Nrf2 in RPC-induced neuroprotection and 

mitochondrial reactive oxygen species (ROS) production following cerebral ischemia remains 

unclear. The goal of our study was to study the contribution of Nrf2 to RPC and its effects on 

mitochondrial function.

Methods—We used rodent astrocyte cultures and an in vivo stroke model with RPC. An Nrf2 

DNA-binding ELISA and protein analysis via Western blotting of downstream Nrf2 targets were 

performed to determine RPC-induced activation of Nrf2 in rat and mouse astrocytes. Following 

RPC, mitochondrial function was determined by measuring ROS production and mitochondrial 

respiration in both wild-type (WT) and Nrf2−/− mice. Infarct volume was measured to determine 

neuroprotection, while protein levels were measured by immunoblotting.

Results—We report that Nrf2 is activated by RPC in rodent astrocyte cultures, and that loss of 

Nrf2 reduced RPC-mediated neuroprotection in a mouse model of focal cerebral ischemia. In 

addition, we observed that wild-type and Nrf2−/− cortical mitochondria exhibited increased 

uncoupling and ROS production following RPC treatments, Finally, Nrf2−/− astrocytes exhibited 

decreased mitochondrial antioxidant expression and were unable to upregulate cellular 

antioxidants following RPC treatment.

Conclusion—Nrf2 contributes to RPC-induced neuroprotection through maintaining 

mitochondrial coupling and antioxidant protein expression.
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Introduction

In the United States, 1 in 20 deaths can be attributed to stroke, while more than 80% of the 

800,000 people who suffer from stroke each year survive and require long-term 

rehabilitation1. Ischemic preconditioning (IPC) has emerged as a potential therapy that could 

mitigate the morbidity of cerebral ischemic injury; previous studies from our group have 

shown that IPC treatment induced neuroprotection in rodent models of global cerebral 

ischemia2, 3. This protection has been recapitulated using the polyphenolic compound 

resveratrol as a pharmacologic preconditioning agent4. The use of resveratrol as a 

preconditioning agent has been substantiated by numerous studies in a diverse range of in 

vitro and in vivo models5,6.

However, previous preconditioning studies have focused mainly on neuronal physiology and 

amelioration of neuronal cell death following cerebral ischemia. As a result, the role of 

astrocytes in mediating IPC is often neglected, despite the well-known functions of 

astrocytes in mediating several neuroprotective mechanisms7. Astrocytes have been 

suggested to have increased resistance to ischemic injury when compared to neurons8; 

however, astrocyte dysfunction has been shown to exacerbate various neurodegenerative 

conditions9–11 and increase susceptibility of neurons to ischemia12. Rodents have both a 

lower astrocyte:neuron ratio and fewer astrocytic processes compared to humans13. Indeed, 

the relative differences in cytoarchitecture between rodents and humans may have 

contributed to the relative plateau of clinical translatable neuroprotective.

One of the many neuroprotective functions of astrocytes includes supplying neurons with 

antioxidants, the production of which is primarily controlled by the transcription factor 

Nuclear erythroid 2 related factor 2 (Nrf2). Nrf2 has been previously suggested to be highly 

expressed in astrocytes as opposed to neurons, and has been shown to increase the 

antioxidant proteins thioredoxin and NAD(P)H-quinone oxidoreductase 1 (NQO-1)14. Since 

oxidative stress is a major consequence of cerebral ischemia, the function of Nrf2 to mitigate 

this stress makes Nrf2 and related downstream pathways attractive targets to combat 

cerebral ischemic injury.

In light of the aforementioned studies, the focus of our investigation was to determine if 

RPC treatment could induce neuroprotection through Nrf2 activation. We found that 

absence of functional Nrf2 protein reduced RPC-induced neuroprotection in a mouse model 

of focal cerebral ischemia. In addition, RPC treatment failed to increase mitochondrial and 

cellular antioxidants in cultured astrocytes when Nrf2 was absent. These studies highlight 

the contribution of astrocyte Nrf2 to RPC-induced protection and a novel role of Nrf2 in 

maintaining mitochondrial function.
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Methods

Additional detailed methods are described in the supplemental section. All animal protocols 

were approved by the Animal Care and Use Committee of the University of Miami. 

Minimum Essential Medium (MEM), Hanks Balanced Salt Solution (HBSS) and Fetal 

Bovine Serum (FBS) were purchased from Life Technologies (Grand Island, NY). All other 

reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.

Preparation of primary cultures and in vitro preconditioning studies

Astrocyte cultures were prepared as previously described15. Cortical tissue was harvested 

from P2–P4 Sprague Dawley rats, WT mice, or Nrf2−/− mice Following treatment with 

0.25% trypsin and 0.1% DNase, single cell suspensions were plated onto cell-culture dishes 

and maintained for 10–14 days prior to experimental use. After reaching approximately 80% 

confluency, cultures were trypsinized and passaged. Passages 1–3 were used for 

experiments. For RPC treatment, astrocyte cultures were exposed to 2 hr of resveratrol (25 

μmol/L) or DMSO (Vehicle) 48 hrs prior to harvesting cell lysates or nuclear fractions for 

downstream analysis.

ELISA and Western blotting

Nuclear and cytoplasmic fractionations were prepared according to manufacturer’s protocol 

by using a nuclear extract kit (Active Motif Cat. #: 40010). Nuclear and cytoplasmic extracts 

were probed with both Lamin B and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

to establish purity of the nuclear and cytoplasmic fractions, respectively. 10 μg of nuclear 

samples were used for the TransAM Nrf2 enzyme-linked immunosorbent assay (ELISA) kit 

(Active Motif) to measure DNA-binding of activated Nrf2 nuclear protein, as determined by 

absorbance measurements at 450nm. For immunoblotting, cells were lysed in 

Radioimmunoprecipitation assay (RIPA) buffer and immunoblotted for Nrf2, uncoupler 

protein 2 (UCP2), GAPDH, β-actin, manganese superoxide dismutase (MnSOD), or Lamin 

B. Proteins were detected using enhanced chemiluminescence system (Pierce, 

ThermoScientific) and densitometry was performed using ImageJ (National Institute of 

Health)16.

Animal model of Focal Cerebral Ischemia

For our focal cerebral ischemia model, the left middle cerebral artery (MCA) was occluded 

for 1 hr using an intraluminal filament model as previously described17. C57Bl/6J WT or 

Nrf2−/− male mice between 7–11 weeks were randomly assigned to 2 treatment groups: 

resveratrol (10 mg/kg i.p.) or DMSO (Vehicle). The investigator was blinded to the 

administration of these agents 48 hrs prior to MCA occlusion. Twenty-four hours following 

reperfusion, infarct volume was assessed with 2,3,5-triphenyltetrazolium chloride (TTC) and 

quantified using ImageJ software. Exclusion criteria for these studies included (1) greater 

than 30% of baseline MCA blood flow persisting through the occlusion phase of the MCA 

occlusion (MCAO) injury as measured by laser Doppler flowmetry; and (2) lack of 

detectable infarct following TTC staining.
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Polarography

Mitochondrial respiration studies were conducted as previously described18. In brief, non-

synaptic mitochondria were isolated from WT or Nrf2−/− mice 48 hrs following resveratrol 

or vehicle treatment. The ratio of State III/State IV respiration was measured using a Clark-

type oxygen electrode. This ratio represented the respiratory control index (RCI), an 

established measure of mitochondrial coupling19.

Measurement of mitochondria ROS production

Mitochondrial ROS production was determined using a spectrophotometer following a 

previously established protocol20. Isolated non-synaptic mitochondria from Nrf2−/− or 

C57Bl/6J animals were added to a microplate containing horseradish peroxidase, Amplex 

Red Ultra, and superoxide dismutase. H2O2 emission was measured spectrophotometrically 

at 555nm excitation/590nm emission wavelengths. After establishing baseline 

measurements, respiratory substrates were added in a similar manner to the polarographic 

studies. Rates of H2O2 emission were recorded for each complex-specific substrate/inhibitor 

pair, and normalized to baseline H2O2 production for each sample.

Statistical Analysis

All data are expressed as mean±STDEV. Statistical analysis between two groups was 

performed using the unpaired Student’s t-test. Statistical analysis between more than two 

groups was performed using a one-way ANOVA with Bonferroni’s multiple comparison 

post-hoc test unless otherwise specified. p≤0.05 was considered statistically significant 

(GraphPad Prism v5.00 for Windows, GraphPad Software, San Diego, California USA).

Results

Loss of Nrf2 decreases RPC-induced neuroprotection following focal cerebral ischemia

Previous studies from our laboratory have shown that RPC can induce neuroprotection 

against cerebral ischemia in vivo4. Therefore, we wanted to determine if loss of functional 

Nrf2 decreased RPC-induced neuroprotection in a mouse model of focal cerebral ischemia. 

Nrf2−/− mice were verified by standard genotyping and immunoblotting for NQO-1 

(supplemental figure I). WT and Nrf2−/− mice were subjected to MCAO injury 48 hrs 

following either RPC or vehicle treatment. Quantification of TTC-stained brain slices from 

each treatment group indicated that RPC treatment of WT mice significantly reduced infarct 

volume compared to vehicle treatment (44.43±13.90%, n=9 vs. 28.31±9.93%, n=6, 

respectively; p<0.05) (Figure 1A and 1B). However, no significant difference was observed 

in Nrf2−/− mice between RPC and vehicle-treated groups (40.86±17.10%, n=10 vs. 

34.47±14.25%, n=9; p=0.39). In addition, there was no significant difference between WT 

and Nrf2−/− vehicle-treated groups. Therefore, the results from Figure 1 indicate that RPC-

induced neuroprotection was decreased in the absence of functional Nrf2.
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Loss of RPC-induced neuroprotection in Nrf2−/− mice is not due to altered cerebral blood 
flow

A previous group has suggested that the cerebral blow flow is altered in Nrf2−/− mice, which 

led to their use of a modified in vivo model to achieve adequate middle cerebral artery 

occlusion21. To determine if the observed infarct volumes from Figure 1 were attributable to 

strain differences in cerebral blood flow, we analyzed blood flow throughout the MCAO 

injury via laser Doppler flowmetry for each treatment group of mice. The average blood 

flow for each group during the phases of the MCAO injury (baseline, occlusion, and 

reperfusion) were compared and expressed as a percentage of baseline laser Doppler 

Flowmetry measurements (Figure 2A); our results show that there was no statistically 

significant difference between blood flow of any of the treatment groups for each phase of 

the MCAO injury. In Figure 2B, the average age and weight for each treatment group were 

analyzed and once again there was no statistically significant differences observed. 

Therefore, the loss of RPC-induced neuroprotection in Nrf2−/− mice is not attributable to 

altered cerebral blood flow.

RPC treatments activate Nrf2 in rat astrocytes

Given that the reduction in RPC-induced neuroprotection in Nrf2−/− mice was not due to 

altered cerebral blood flow (Figure 2), the results from Figure 1 suggest that RPC-induced 

neuroprotection partially requires Nrf2. As there is greater Nrf2 protein abundance in 

astrocytes14, we next sought to determine if RPC can activate Nrf2 in vitro by utilizing 

astrocyte cultures. RPC treatment increased the amount of activated Nrf2 in nuclear 

astrocyte fractions at 48 hrs compared to vehicle-treated cultures as determined by 

absorbance measured at 450 nm (0.983±0.458 vs 0.625±0.352, p<0.05 n=3) (Figure 3A), 

which were not observed at earlier time points (1 or 24 hrs) following RPC treatment. To 

determine if downstream pathways of Nrf2 were increased following RPC, whole-cell 

astrocyte lysates were probed for NQO-1, an Nrf2-dependent gene target. 48 hrs following 

RPC treatments, NQO-1 protein levels were significantly increased in astrocyte cultures by 

approximately 1.6 fold compared to vehicle treatments (Figure 3B). The results indicate that 

RPC activates astrocyte Nrf2 by increasing Nrf2 DNA binding and Nrf2-dependent gene 

transcription.

RPC induces uncoupling in WT and Nrf2−/− mitochondria

Resveratrol has previously been implicated in modifying cerebral mitochondrial function. 

Therefore, we investigated mitochondrial coupling (represented as respiratory coupling 

index or RCI) in isolated non-synaptic mitochondria from WT and Nrf2−/− mouse cortex 

following RPC treatment in vivo. We utilized non-synaptic mitochondria because this 

fraction contains more astrocyte-derived mitochondria than the synaptic fraction, and 

therefore would better represent functional changes due to the loss of Nrf2. RPC-induced 

treatment induced a mild uncoupling in both WT and Nrf2−/− mitochondria compared to 

vehicle treatments of each respective mouse strain (WT: Vehicle 5.84±0.55 vs RPC 

3.93±0.42, p<0.05; Nrf2−/−: Vehicle 3.272±0.67 vs RPC 2.27±0.15, p<0.05) (Figure 4A). In 

addition, we observed a significant difference between Nrf2−/− and WT mice RCI values 

between vehicle groups, suggesting that Nrf2−/− mitochondria have an innate respiratory 
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dysfunction. Therefore, RPC treatment had similar effects on the RCI in both mouse strains, 

with RPC treatment further reducing the already decreased RCI in Nrf2−/− mice.

RPC-induces increased UCP2 expression in Nrf2−/− astrocytes

Previous studies from our lab have suggested an interaction between resveratrol and UCP2, 

an uncoupler protein which if altered by RPC could explain RCI values and provide a 

molecular understanding for the results observed in Figure 4A. As isolation of astrocyte 

mitochondria from the brain was not feasible, we took advantage of highly-enriched 

astrocyte cultures to look at the effects of Nrf2 on UCP2 expression in vitro. Therefore, 48 

hrs following RPC treatment, whole cell mouse WT and Nrf2−/− astrocyte lysates were 

prepared and probed for UCP2. Compared to vehicle treatments, UCP2 was significantly 

increased 48 hrs following RPC treatment in WT and Nrf2−/− astrocyte cultures (4.05±1.01 

fold and 1.89±0.26 fold, respectively, p<0.05) (Figure 4B and 4C). Therefore, RPC 

treatment increased UCP2 protein expression in WT and Nrf2−/− mouse astrocyte cultures.

RPC treatment increases ROS production in WT and Nrf2−/− mitochondria

As Nrf2−/− mice are expected to have decreased antioxidant capacity, we also measured 

mitochondrial H2O2 production as a measure of ROS generation in non-synaptic 

mitochondria isolated from WT and Nrf2−/− mouse cortex following RPC treatment in vivo. 

RPC treatment significantly increased the fold of H2O2 production compared to baseline 

production following complex I (WT: Vehicle 3.66±1.19 vs RPC 8.29±1.56 fold of baseline 

p<0.05, Nrf2−/−: Vehicle 3.90±2.82 vs. RPC 8.35±2.65 p<0.05) and complex III (WT: 

Vehicle 7.54±2.43 vs RPC 31.06±10.17 p<0.005, Nrf2−/−: Vehicle 9.59±6.32 vs. RPC 

23.25±10.05, p<0.05) for both strains of mice (Figure 5A). However, there were no 

significant differences between WT and Nrf2−/− mice for the same treatment group. These 

findings suggest a role of RPC in increasing hydrogen peroxide production at complex I and 

III in WT and Nrf2−/− cortical mitochondria.

RPC-induced antioxidant enzyme expression in WT and Nrf2−/− astrocytes

While RPC-induced increase in mitochondrial ROS production occurred in both WT and 

Nrf2−/− mice, we hypothesized that this phenomenon was detrimental in Nrf2−/− mice and 

could explain loss of RPC-induced neuroprotection in this population. Therefore, we 

immunoblotted WT and Nrf2−/− astrocyte-culture lysates for the antioxidants MnSOD and 

NQO-1 48 hrs following RPC treatment. (Figure 5B). RPC treatment significantly increased 

NQO-1 protein expression (normalized to actin) in WT astrocytes compared to vehicle 

treatment (1.91±0.35 fold increase, n=6, p<0.05). As expected, we were unable to observe or 

measure the Nrf2-dependent protein NQO-1 in Nrf2−/− astrocyte lysates (Figure 5B and 5C). 

Next, we measured the mitochondrial antioxidant MnSOD proteins levels in WT and 

Nrf2−/− astrocyte cultures via Western blotting. We found no statistically significant 

difference in MnSOD protein levels between vehicle and RPC-treated groups of either strain 

of mice (Figure 5D). However, Vehicle and RPC-treated Nrf2−/− astrocytes had significantly 

less MnSOD protein compared to WT Vehicle MnSOD levels (40.3% and 37.2% less 

MnSOD protein, respectively; p≤0.005). These results suggest that Nrf2−/− astrocytes have 
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depressed mitochondrial and cellular antioxidants, and are unable to upregulate these 

proteins in response to RPC-induced ROS production observed in Figure (5A).

Discussion

In the present study, we investigated the contribution of Nrf2 to RPC-induced 

neuroprotection and the effect of Nrf2 on cortical mitochondrial function. We investigated 

the role of Nrf2 in RPC-induced neuroprotection in a rodent model of focal cerebral 

ischemia. Our MCAO studies suggest that in the absence of Nrf2 protein, RPC-induce 

neuroprotection is not effective in significantly ameliorating cerebral infarction in mice 

(Figure 1). Given that RPC treatment increased ROS production in both WT and Nrf2−/− 

cortical mitochondria (Figure 4B), and that RPC was unable to induce antioxidant 

expression in Nrf2−/− mice (Figure 5), we believe this evidence suggests that RPC induced 

neuroprotection can be attributed to ROS-mediated signaling pathways, which ultimately 

activates astrocytic Nrf2 and confers cerebral ischemic tolerance.

The role of astrocyte pathways have not been fully elucidated in preconditioning research, 

but their importance to neuronal disease has been extensively studied. Previous studies by 

Belle et. al22 highlighted that astrocytic Nrf2 was necessary for ischemic tolerance in murine 

neuronal cultures. In direct contrast, Layon-Haskew et. al determined that physiologic levels 

of H2O2 could induce ischemic tolerance in neurons independent of Nrf223. Although our 

study is a different preconditioning paradigm (i.e., RPC), our current studies indicate that 

RPC is indeed able to increase Nrf2 DNA-binding and downstream expression of NQO-1, 

an Nrf2-dependent gene.

Similar to a previous study21, we did not observe any difference in infarct volume between 

WT and Nrf2−/− mice at 24 hrs without a preconditioning treatment. In contrast, we 

observed significant neuroprotection with RPC treatment in WT mice following MCAO, but 

there was no significant reduction of infarct volume in RPC-treated Nrf2−/− mice. While 

resveratrol has been shown to activate a multitude of pathways, resveratrol was still unable 

to significantly ameliorate infarct injury in Nrf2−/− mice following MCAO. This suggests 

that Nrf2 activation is a key pathway for RPC-neuroprotection.

Our current investigation has also shown that resveratrol induced an increase in ROS 

production in WT and Nrf2−/− mitochondria, which can be detected 48 hr post-treatment. 

This increase in ROS following resveratrol treatment has been seen previously in yeast 

cells24, human adipocytes24, and cancer cell-lines25. In addition, the increase in ROS 

following preconditioning treatments is a well observed phenomenon, and inhibition of ROS 

production has been shown to ameliorate preconditioning-induced neuroprotective effects26.

We also present findings that RPC treatment increased UCP2 expression in astrocyte 

cultures, and that this increase was several fold more in WT vs. Nrf2−/− astrocytes (Figure 

4). While our previous findings described an RPC-induced decrease in UCP2 protein 

expression in adult rat hippocampal mitochondria, our current studies investigated UCP2 in 

cortical post-natal mouse astrocyte cultures. This discrepancy could be due to the use of 

different models and cell types, and future studies may serve to elucidate the dependence of 
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cell-type and brain region on the regulation of UCP2 by RPC treatment. Taken together, we 

propose that ROS production from RPC treatment induces UPC2 expression, leading to mild 

uncoupling and subsequent protection against oxidative stress. Furthermore, RPC-induced 

increase in UCP2 (Figure 4), basal MnSOD, and NQO-1 (Figure 5) protein levels were all 

decreased several fold in Nrf2−/− mice compared to WT mice; we believe this implicates 

Nrf2 as a critical pathway in which RPC-mediated mitochondrial ROS production activates 

Nrf2, thus promoting the induction of antioxidant pathways and subsequent neuroprotection 

against focal cerebral ischemia.

Following RPC treatment, WT and Nrf2−/− exhibited reductions in their RCI, suggestive of 

a resveratrol-induced uncoupling effect. By further decreasing the coupling of Nrf2−/− 

mitochondria, resveratrol may exacerbate already dysfunctional cortical mitochondria in 

Nrf2−/− mice. Thus, decreased mitochondrial coupling, increased ROS production, and 

decreased antioxidant defenses could be plausible explanations as to explain why RPC was 

less effective in Nrf2−/− mice than WT mice. Our findings that Nrf2−/− non-synaptic 

mitochondria exhibited decreased coupling were in line with previous studies which 

suggested that Nrf2−/− brain, heart and liver mitochondria exhibit decreased RCI27. 

Interestingly, studies by Fiskum et al. did not describe any changes to brain non-synaptic28 

mitochondrial respiration following activation of Nrf2 with sulforaphane. Future studies 

may serve to understand the relationship of Nrf2 to cortical non-synaptic and synaptic 

mitochondria.

In conclusion, our investigation provides new insight into the mechanism of RPC-induced 

protection, and implicates Nrf2 as an important pathway to induce RPC’s neuroprotective 

effects in the context of stroke.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. RPC-induced neuroprotection is decreased in Nrf2−/− mice following MCAO injury
A) Representative image of TTC staining of brain slices to assess infarct volume of mice 

subjected to MCAO injury. Slices are distributed rostrocaudally. VEH: Vehicle. RES: 

resveratrol preconditioning. B) Quantification of infarct volume. Areas of cortical infarction 

at seven coronal levels were cumulated and normalized for edema. Number of subjects 

represented in inset of bar graph. Data are presented as mean ± STDEV; * p≤0.05, 

(multiple-comparison 1-way ANOVA followed by Bonferroni test).
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Figure 2. Reduced RPC-induced neuroprotection in Nrf2−/− mice is not due to altered cerebral 
blood flow during ischemia
A) Blood flow measurements during the baseline, ischemic/occlusion, and reperfusion 

phases of the MCAO injury from the same treatment subjects as in Figure 1. Data 

represented as a percentage of baseline blood flow, as measured by laser Doppler flowmetry. 

B) Physiologic variables of WT and Nrf2−/− mice used for MCAO experiments.
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Figure 3. RPC treatment activates Nrf2 in astrocyte cultures
A) ELISA assay was used to measure Nrf2 DNA binding in rat astrocyte nuclear fractions 

harvested at 1, 24, or 48 hrs after RPC treatment. B) whole-cell astrocyte lysates were 

probed for NQO-1 expression following RPC treatment. n=4, *p≤0.05, **p≤0.01.
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Figure 4. RPC treatment increases mitochondrial uncoupling in Nrf2−/− and WT mice
A) RCI of WT and Nrf2−/− non-synaptic mitochondria following RPC and vehicle 

treatment. n=4, *p≤0.05 (WT vehicle vs. WT RPC); #p≤0.05 (WT vehicle vs. Nrf2−/− 

vehicle); ˆp≤0.05 (Nrf2−/− vehicle vs. Nrf2−/− RPC. B) UCP2 and Actin protein levels from 

WT and Nrf2−/− astrocyte cultures treated with RPC and Vehicle. (+) positive control: 

mouse cortex tissue lysate. C) Quantification of UCP2 proteins levels normalized to Actin. 

n=3 *p≤0.05
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Figure 5. RPC increases non-synaptic mitochondrial ROS production and only increases 
antioxidant expression in WT astrocytes
A) Complex I and Complex III H2O2 production rate in WT or Nrf2−/− non-synaptic 

mitochondria. n=4–6, *p≤0.05 (WT vehicle vs. WT RPC); #p≤0.05 (Nrf2 vehicle vs. Nrf2−/− 

RPC). B) Western blots of astrocyte cultures for MnSOD, NQO-1, and actin (loading 

control) 48 hrs after RPC or Vehicle treatment. C) Quantification of WT astrocyte NQO-1 

levels and D) WT and Nrf2−/− astrocyte MnSOD protein levels, normalized to Actin protein 

levels. n=3–6. *p<0.05. **p<0.005.
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