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Abstract

Recently, dimethyl fumarate (DMF) and Korean red ginseng (Ginseng), based on their purported 

antioxidative and anti-inflammatory properties, have exhibited protective potential in various 

neurological conditions. Their effects on cerebral ischemia and underlying mechanisms remain 

inconclusive; however increasing evidence indicates the involvement of the transcriptional factor 

Nrf2. This study evaluated the preventive effects of DMF and Ginseng on hippocampal neuronal 

damage following hypoxia-ischemia (HI) and assessed the contributions of reactive gliosis and the 

Nrf2 pathway. Adult wildtype (WT) and Nrf2−/− mice were pretreated with DMF or Ginseng for 7 

days prior to HI. At 24 h after HI, DMF or Ginseng significantly reduced infarct volume 

(52.5±12.3% and 47.8±10.7%), brain edema (61.5±17.4% and 39.3±12.8%), and hippocampal 

CA1 neuronal degeneration, and induced expressions of Nrf2 target proteins in WT, but not 

Nrf2−/−, mice. Such hippocampal neuroprotective benefits were also observed at 6 h and 7 days 

after HI. The dynamic attenuation of reactive gliosis in microglia and astrocytes correlated well 

with this sustained neuroprotection in an Nrf2-dependent manner. In both early and late stages of 

HI, astrocytic dysfunctions in extracellular glutamate clearance and water transport, as indicated 

by glutamine synthetase and aquaporin 4, were also attenuated after HI in WT, but not Nrf2−/−, 

mice treated with DMF or Ginseng. Together, DMF and Ginseng confers robust and prolonged 
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Nrf2-dependent neuroprotection against ischemic hippocampal damage. The salutary Nrf2-

dependent attenuation of reactive gliosis may contribute to this neuroprotection, offering new 

insight into the cellular basis of an Nrf2-targeting strategy for stroke prevention or treatment.
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Introduction

Cerebral ischemia is one of the leading causes of death and disability worldwide. Despite its 

global ramifications, effective clinical intervention remains limited [1]. This incongruity 

catalyzes exploration of novel neuroprotection strategy. To this end, there is a great need to 

study natural brain repair processes and endogenous neuroprotective mechanisms following 

ischemic insult, which remains an enormous challenge for translational and clinical research 

[2–5]. Multiple lines of evidence from our laboratory and others indicate that the 

transcriptional factor Nrf2 plays an important role in cellular defense against oxidative stress 

and inflammation [6], two key pathophysiological mechanisms that are involved in cerebral 

ischemia initiation, progression, and repair; consequently, targeting Nrf2 has emerged as a 

promising strategy for stroke prevention or reversal [7–12]. However, the exact regulatory 

mechanism of Nrf2 activation in stroke attack and neuroprotection remains inconclusive. 

Ischemic injury evokes an extensive glial cell response referred to as reactive gliosis that 

impacts neuronal function [3, 13]. Gliosis occurring after central nervous system (CNS) 

insults, mainly involves activated microglia and astrocytes characterized by hypertrophic and 

proliferating astrocytes, and proliferating microglia [14]. Its contribution to the 

pathophysiological process of stroke, particularly associated with Nrf2-mediated 

endogenous protection, is of increasing interest in better understanding and ameliorating 

ischemic affliction [15, 16].

Our laboratory has been interested in exploring the Nrf2-targeted neuroprotective strategy 

against stroke. Recently, both dimethyl fumarate (DMF) and Korean red ginseng (Ginseng), 

based on their antioxidative and anti-inflammatory properties, have revealed promising 

protective potential in various neurological conditions [17–21]. DMF is the dimethyl ester 

derivative of fumaric acid and was approved by the Food and Drug Administration for 

multiple sclerosis in 2013 and psoriasis in 1994 [21, 22]. Ginseng has been used in 

traditional herbal medicine for thousands of years in East Asia and is the most widely used 

medicinal and nutritional supplement worldwide [23–25]. Ginseng, extracted from the root 

of Panax ginseng C.A. Meyer, exhibits a potential protective efficacy in animal and human 

studies [26, 27]. Their effects on cerebral ischemia and underlying cellular and molecular 

mechanisms are still inconclusive; although, increasing evidence suggest the involvement of 

Nrf2. Glial cells play a pivotal role in antioxidant and anti-inflammation defenses, much of 

which are regulated by Nrf2; nevertheless, mounting evidence implies that Nrf2 target genes 

are particularly enriched in glial cells [7, 9].
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Cerebral ischemia initiates complex pathophysiological events that ultimately result in brain 

damage and functional impairment, alternations involving mobilization of resident cells like 

glial cells, accumulation of oxidants and production of inflammatory mediators, and 

interaction between endogenous protective mechanisms and the ischemic noxious cascade 

[2, 13, 15]. Endogenous protective mechanisms by which the brain prevents itself from 

noxious stimuli and repairs the ischemic damage are critical targets for stroke research [28–

30]. The pharmacological pretreatment for ischemic attack is expected to, like ischemic 

preconditioning, elicit a cascade involving the boosting of an intrinsic endogenous protective 

process that rescues the brain from a severe ischemic insult and eventually promotes 

recovery [4, 31]. Such process-induced neuroprotection contains a rapid phase and a delayed 

phase [30, 32, 33]. The rapid phase occurs instantly after a stimulus and lasts hours through 

interfering RNA, phosphorylation targets, and transporter regulation, and the delayed phase 

occurs after a delay of 1 to 3 days by action on gene activation and de novo protein 

synthesis.

In this study, by using a cerebral hypoxia-ischemia (HI) mouse model and transgenic loss-

of-function of Nrf2 mice, we hypothesized that pretreatment with DMF or Ginseng 

sustainably protects, in an Nrf2-dependent manner, against ischemic hippocampal neuronal 

damage through consecutive attenuation of reactive gliosis progression. By working under 

this assumption, we will answer the following questions in this study: (1) Does pretreatment 

with DMF or Ginseng protect against ischemic damage in initial, acute, and extended phases 

after HI; (2) what is the role of the Nrf2-dependent pathway in this process and (3) does 

reactive gliosis, including astrocytic function in regulation of glutamate metabolism and 

water homeostasis, involve Nrf2-dependent neuroprotective mechanisms? Additionally, in 

proof-of-principle experiments, (4) we explore the specific contribution of reactive gliosis 

progress and Nrf2-mediated endogenous protection during ischemic onset, progress, and 

repair in the context of an HI mouse model.

Materials and Methods

Animals

All procedures were approved by the University of Florida Institutional Animal Care and 

Use Committee. We conducted the experiments according to the National Institutes of 

Health Guidelines for the Care and Use of Laboratory Animals. The Nrf2−/− mice were 

generated as described [12, 23]. Cohorts of adult Nrf2−/− and matched wildtype (WT) 

C57BL/6 male mice (10–18 weeks old) were used for this study.

Cerebral Hypoxia-Ischemia (HI) Model

Mice were subjected to cerebral hypoxia-ischemia as described before [34], and this 

transient unilateral HI model generated a reproducible ischemic lesion in the ipsilateral 

hemisphere. Each mouse was anesthetized with 2% to 4% isoflurane during surgery. The 

right side of the common carotid artery was separated and occluded permanently with a 6–0 

nylon suture, and the incision was closed. Artificial tear ointment was used for protection 

and lubrication. The mouse was allowed to recover for 2 h with free access to water and 

food. The mouse was exposed to hypoxia (8% O2/balance N2) in a Plexiglas chamber for 1 h 
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and was then taken back to its home cage. Sham surgery (sham) animals underwent 

anesthesia followed by exposure of the artery without ligation or hypoxia. The surgeon was 

blinded to the treatment and genotype.

Pretreatment with Dimethyl Fumarate (DMF) or Korean Red Ginseng (Ginseng)

Vehicle (double-distilled water), DMF (Sigma, St. Louis, MO; 100 mg/kg/day, suspended in 

0.08% methylcellulose), or Ginseng (the commercially available standardized Korean red 

ginseng extract was kindly provided by Dr. Hocheol Kim; 100 mg/kg/day, dissolved in 

double-distilled water) was orally administered for 7 days to C57BL/6 WT and Nrf2−/− mice 

prior to HI [18, 19]. The Ginseng is a water-soluble extract that was prepared and 

standardized [23, 27].

Evaluation of Infarct Volume and Brain Edema

Brain infarct volume and brain edema were measured by 2,3,5-triphenyltetrazolium chloride 

(TTC) [35, 36]. Mouse brains were sliced into 1-mm-thick coronal sections with a brain 

matrix and were then incubated in a 2% TTC solution (Sigma-Aldrich) at 37°C for 20 min. 

The infarct size per section was delineated and analyzed using image analysis software 

(ImageJ, National Institutes of Health, Bethesda, MD). To minimize the distortion of the 

infarct area by brain edema, an indirect method was selected for calculating infarct volume. 

Corrected infarct volume (%) = [volume of contralateral hemisphere – (volume of ipsilateral 

hemisphere – volume of infarct)] / volume of contralateral hemisphere × 100. The 

experimenter for the analysis of infarct volume was blinded to treatment and genotype. 

Edema volume (%) = [(volume of ipsilateral hemisphere – volume of contralateral 

hemisphere) / volume of contralateral hemisphere] × 100.

Experimental Design

The overall experimental design for this study is as follows. For each cohort in this study, the 

mice were randomly distributed into groups of both genotypes and treatments. Mice were 

blinded to experimenters. Experiment I: Twenty-four h after HI, infarct volume and brain 

edema were evaluated by TTC staining (n=4–6 per group), mRNA levels of hippocampal 

CA1 region were measured by quantitative real-time PCR (n=3–4 per group), and neuronal 

loss and other immunostaining markers in the hippocampal CA1 region were examined by 

Cresyl violet (CV) staining and immunostaining with corresponding antibodies (n=4–5 per 

group). Experiment II: Six h after HI, neuronal injury and other immunostaining markers in 

the hippocampal CA1 region were examined by CV staining and immunostaining with 

corresponding antibodies (n=3–5 per group). Experiment III: Seven days after HI, the same 

markers as in Experiment II were measured (n=5–7 per group).

Histology and Immunohistochemistry

Staining was performed on frozen coronal sections as described previously [37]. Mice were 

anesthetized and transcardially perfused with PBS (pH 7.4) and 4% paraformaldehyde (pH 

7.4). Brains were collected, post-fixed, cryoprotected in 30% sucrose solution (w/v), and 

sliced into 30-μm-thick coronal sections with a rotary microtome cryostat (Leica 

Biosystems, Buffalo Grove, IL). Neuronal death and degeneration in the hippocampal CA1 
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region were examined by CV staining according to the manufacturer’s protocol (IHC World, 

Woodstock, MD).

CV stains the Nissl substance (i.e., granular endoplasmic reticulum and ribosomes that occur 

in the soma and dendrites) of neurons and displays dark blue, making the cytoplasm appear 

mottled. These features were weakened or disappeared in degenerated or dead neurons. CV-

positive pyramidal cells (large in size, strongly stained) were quantified in a 250-×250-μm 

square. Three consecutive sections of each brain were analyzed and given a single value for 

each mouse. Immunostaining studies were performed using standard protocols. The primary 

antibodies were rabbit polyclonal ionized calcium-binding adapter protein 1 (Iba1; 1:5000, 

Wako Bioproducts, Richmond, VA), rabbit polyclonal glial fibrillary acidic protein (GFAP; 

1:3000; DAKO, Carpinteria, CA), mouse monoclonal glutamine synthetase (GS; 1:3000; 

EMD Millipore, Billerica, MA), and rabbit polyclonal aquaporin 4 (AQP4; 1:3000; EMD 

Millipore). Coronal sections were incubated with the appropriate secondary antibodies. The 

immunoreaction was visualized by 3,3-diaminobenzidine chromogen solution (DAB 

substrate kit; Vector Laboratories, Burlingame, CA). The immunoreactive intensity of Iba1, 

GFAP, GS, or AQP4 in CA1 hippocampal sub-region was quantified. Three consecutive 

sections at Bregma −1.70 ~ −2.06 were quantified and provided a single value for each 

mouse. The image was captured using ScanScope CS and analyzed using ImageJ software 

(National Institute of Health) or ImageScope Software (Aperio Technologies, Vista, CA).

Statistical Analysis

The statistical analyses were performed using PRISM software (GraphPad, La Jolla, CA). 

Multiple comparisons were carried out using a two-way ANOVA followed by a Bonferroni 

post hoc test or using a one-way ANOVA followed by a Tukey-Kramer post hoc test. All 

data are expressed as group mean±SEM and P ≤ 0.05 is considered statistically significant. 

Results were analyzed by investigators blinded to treatments and genotypes.

Results

Pretreatment with DMF or Ginseng Reduces Ischemic Infarct Volume, Brain Edema, and 
Hippocampal CA1 Neuron Loss 24 h after HI but not under Nrf2−/− Deficiency.

We first examined whether pretreatment with DMF or Ginseng could reduce ischemic infarct 

volume, brain edema, and hippocampal CA1 neuron loss 24 h after HI and whether these 

effects could be lost under deficiency (Fig. 1). WT and Nrf2−/− mice were pretreated for 7 

days with DMF or Ginseng and were subsequently subjected to HI. Gross infarct volume 

and brain edema, estimated by TTC staining, was significantly reduced in ischemic WT 

mice (infarct volume: 10.37±1.95%, 12.11±2.43% vs 23.34±3.17%, P<0.05; brain edema: 

4.05±0.74%, 6.82±1.14% vs 12.27±2.03%, P<0.01 and P<0.05; Fig. 1 a–c) but not Nrf2−/− 

mice (infarct volume: 22.37±6.65%, 28.59±2.48% vs 33.78±5.26; brain edema: 

14.35±3.93%, 12.729±2.88% vs 16.72±3.14%; Fig. 1a–c) pretreated with DMF or Ginseng, 

whereas Nrf2 deficiency exacerbated such ischemia-induced damage after HI compared to 

corresponding WT controls. In normal conditions, grossly abnormal anatomy in the 

hippocampal CA1 neurons of WT and Nrf2−/− mice was absent. Ischemia led to a profound 

decrease in surviving cells in the pyramidal layer, which is more evident in Nrf2−/− mice as 
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indicated by CV-positive cells intensity. Consistent with the results above, pretreatment with 

DMF or Ginseng significantly decreased ischemia-induced hippocampal CA1 neuronal loss 

and degeneration in WT mice (CV-positive cells: 63.76±5.34%, 66.66±6.33% vs 

43.57±3.10%, P<0.05; Fig. 1d–e) but, more importantly, not in Nrf2−/− mice (CV-positive 

cells: 33.15±8.27%, 26.55±3.56% vs 29.39±4.63%; Fig. 1d–e), whereas Nrf2 deficiency 

itself exacerbated the deterioration of neuron loss compared to the corresponding WT 

control group. These data reveal the robust protective efficacy of pretreatment with DMF or 

Ginseng on acute ischemic brain damage and hippocampal CA1 neuron injury. Notably, 

such neuroprotective efficacy was not detected in Nrf2−/− mice, suggesting the possible 

involvement of the Nrf2 pathway in such a neuroprotective process. In addition, these 

findings also confirm the protective role of Nrf2 on ischemic damage under HI.

Protein Expression Profile Induced by Pretreatment with DMF or Ginseng Suggests 
Activation of Nrf2 and Antioxidant Activity.

Nrf2 is a major regulator of redox homeostasis through a battery of cytoprotective genes in 

neurological conditions [11]. To examine whether Nrf2 activation contributes to the 

neuroprotection by pretreatment with DMF or Ginseng, we measured and contrasted the 

Nrf2 target proteins expression pattern between WT and Nrf2−/− mice. As shown in Fig. 2a, 

b, ipsilateral hippocampal region extracts were subjected to Western blot analysis. The 

results revealed that, compared to the corresponding controls 24 h after HI, Nrf2 target 

antioxidant proteins NQO1, HO1, GPx1, and SOD2 were significantly upregulated in WT 

mice but, more importantly, not in Nrf2−/− mice pretreated with DMF or Ginseng, 

supporting the vital role of the Nrf2-dependent pathway underlying the neuroprotection. In 

particular, these Nrf2-regulated alterations by pretreatment with DMF or Ginseng were not 

observed under Nrf2 deficiency indicated by similar expression levels in all ischemic 

Nrf2−/− mice groups, further emphasizing the Nrf2-dependent manner of their beneficial 

effects. The protein profile assessment strongly supported the Nrf2-dependent 

neuroprotective mechanism in this process.

Pretreatment with DMF or Ginseng Attenuated Ischemia-induced Reactive Gliosis in the 
Hippocampal CA1 Region, but not under Nrf2−/− Deficiency.

Reactive gliosis, which mainly refers to the biochemical, morphological, and functional 

changes in microglia and astrocytes, is often a prominent feature of cerebral ischemia, and 

exhibits critical functions in ischemic onset, progression, repair, and neuroprotection [3]. To 

examine the roles of glial cells, associated with Nrf2-mediated protection, in the 

neuroprotection of pretreatment with DMF or Ginseng against acute ischemic damage, the 

phenotypes of microglia and astrocytes were examined by immunohistochemical staining in 

the hippocampal CA1 region 24 h after HI (Fig. 3a–e). These include astrocytic function on 

regulating glutamate metabolism and water homeostasis. Microglia, which respond quickly 

to a brain insult, are the main cell type in ischemia-induced neuroinflammation. In normal 

conditions, microglia display a small soma with high branches and distribution in a non-

overlapping fashion in both WT and Nrf2−/− mice. It is shown by Iba1 immunostaining that, 

when compared with sham controls, ischemic injury triggered significant activation of 

microglia characterized by hypertrophic soma with thickened and retracted processes, which 

was more obvious in Nrf2−/− mice. Pretreatment with DMF or Ginseng significantly 
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attenuated ischemia-induced microglia activation in WT mice, but not in Nrf2−/− mice. In 

the sham mice, as indicated by GFAP antibody, astrocytes tiled the whole CA1 region in a 

pattern of regular distribution in both genotypes, most exhibiting a nonreactive status with 

small soma and fine processes. In both WT and Nrf2−/− mice, ischemia evoked astrocytic 

activation and proliferation 24 h after HI as indicated by the significant increase in the 

immunoreactivity of astrocytes, with a larger proportion of reactive astrocytes with 

hypertrophic soma and highly stained processes. Comparably, a more severe condition of 

reactive astrocytes was detected in Nrf2−/− mice than in WT mice, suggesting more severe 

deterioration triggered by Nrf2 deficiency. In comparison, pretreatment with DMF or 

Ginseng significantly reduced the drastic growth in the immunoactivity of GFAP-positive 

cells in WT mice, but not in Nrf2−/− mice. Astrocytes govern extracellular levels of 

glutamate via GS and maintain brain water homeostasis through AQP4 that greatly 

influences ischemic damage and repair. The expression level of GS was significantly 

reduced in WT mice but not in Nrf2−/− mice pretreated with DMF or Ginseng. Pretreatment 

with DMF or Ginseng significantly protected against the sharp decline of AQP4 expression 

level in WT mice but not in Nrf2−/− mice. In contrast, the Nrf2−/− mice exhibited a 

significantly lower AQP4 expression level compared to WT mice, signifying the importance 

of Nrf2 in water transport during HI hippocampal injury. These findings indicate that 

pretreatment with DMF or Ginseng attenuated hippocampal CA1 reactive gliosis in a 

seemingly Nrf2-dependent manner at 24 h following HI, which may contribute to the 

neuroprotection. In addition, Nrf2 deficiency exacerbated ischemia-induced reactive gliosis 

in our setting, implying that the reactive gliosis is possibly involved in the Nrf2-mediated 

neuroprotective process.

The Early Phase of Ischemia-induced Reactive Gliosis and Hippocampal CA1 Neuronal 
Injury is Profoundly Mitigated by Pretreatment with DMF or Ginseng, whereas Loss of Nrf2 
Reduces such Protection.

To further understand such neuroprotective properties on ischemia initiation, we sought to 

determine whether pretreatment with DMF or Ginseng could confer prompt neuroprotection 

against the very early phase of ischemic injury on hippocampal CA1 pyramidal neurons, 

which are extremely vulnerable to ischemic insults. For this, we examined neuronal death 

and degeneration 6 h after HI onset by CV staining of nearby sections (Fig 4a and b). After 

the onset of ischemia, both genotypes of mice displayed apparent neuronal death, which was 

more evident in Nrf2−/− mice, indicating the protective role of Nrf2 in ischemia after HI. 

Neuronal death and degeneration was significantly abated in the WT mice but not in Nrf2−/− 

mice pretreated with DMF or Ginseng, indicating that the rapid neuroprotection properties 

conferred by pretreatment with DMF or Ginseng were also Nrf2-dependent. To further 

examine the natural properties of reactive gliosis in this Nrf2-dependent neuroprotection 6 h 

after HI, the structural and functional changes of microglia and astrocytes in the initial phase 

of ischemia were analyzed (Fig 4a, c–f). Both immunoactivities of Iba-1- and GFAP-positive 

cells were significantly reduced in the WT mice but not in the Nrf2−/− mice pretreated with 

DMF or Ginseng, whereas Nrf2 deficiency itself dramatically increased these progressions. 

Morphologically, pretreatment with DMF or Ginseng apparently reduced the activation of 

astrocytes following ischemia, revealed by the small soma and fine processes in WT mice, 

and failed to do so in Nrf2−/− mice. In the very early phase of ischemia, both GS and AQP4 
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expression levels were notably increased, which was more evident in Nrf2−/− mice. In 

comparison, pretreatment with DMF or Ginseng significantly suppressed both GS and AQP4 

immunostaining signals in WT mice but not in Nrf2−/− mice, while Nrf2 deficiency itself led 

to significant increases. This pattern of GS and AQP4 staining, along with the morphological 

features of microglia and astrocytes, correlated well with the early phase of ischemic 

damage and neuroprotection. These results provide further evidence for the contribution of 

reactive gliosis progression in the hippocampal CA1 region, associated with Nrf2-dependent 

mechanisms, in the neuroprotection process by pretreatment with DMF or Ginseng in the 

very early phase of ischemia under HI.

The Attenuated Reactive Gliosis Contributed to the Late-Stage of Nrf2-dependent 
Neuroprotection by Pretreatment with DMF or Ginseng, but not under Nrf2 Deficiency.

Finally, while the above studies revealed that the pretreatment is remarkably neuroprotective 

against acute ischemic neuronal deterioration, it could be more therapeutically relevant if 

such neuroprotection could be extended to the late phase of ischemia because long-term 

evaluation is a key component for testing the efficacy of potential therapeutics in 

translational stroke research. We therefore sought to examine whether such Nrf2-dependent 

neuroprotective efficacy on hippocampal neuron damage could be sustained to 7 days after 

HI (Fig. 5a–f). Indeed, compared to 24 h after HI, there was sustained hippocampal neuron 

damage in ischemic mice 7 days after HI, revealed by the density of hippocampal CA1 

neurons. In particular, pretreatment with DMF or Ginseng dramatically protected against the 

damage in WT mice, but failed in Nrf2−/− mice, while ischemic Nrf2−/− still displayed worse 

conditions compared to corresponding WT controls. These findings suggest that 

pretreatment with DMF or Ginseng has long-lasting neuroprotective efficacy against 

ischemic hippocampal CA1 neuron damage after HI in an Nrf2-dependent manner and 

confirm the critical role of Nrf2 activation and its important effect on reactive gliosis in 

ischemia progression and repair in our setting. Meanwhile, ischemic glial cells appeared to 

experience prolonged activation and proliferation; comparably, Nrf2−/− mice exhibited much 

worse reactive gliosis conditions when compared with ischemic WT mice. In addition, we 

found that both immunoactivities of Iba-1- and GFAP-positive cells were significantly lower 

in WT mice but not in Nrf2−/− mice pretreated with DMF or Ginseng. Comparably, more 

degenerated astrocytes with broken down cell bodies and relatively lower overall expression 

were detected in Nrf2−/− mice than in WT mice, suggesting more severe deterioration 

triggered by Nrf2 deficiency. Interestingly, in WT but not Nrf2−/− mice pretreated with DMF 

or Ginseng, AQP4 and GS expression levels were significantly lower, correlating well with 

the attenuated reactive gliosis. The above findings further support our hypothesis that the 

attenuated reactive gliosis pattern correlated well with the long-lasting neuroprotection by 

pretreatment with DMF or Ginseng in an Nrf2-dependent manner.

Discussion

The present study shows that pretreatment with DMF or Ginseng elicited robust and 

prolonged neuroprotection against hippocampal neuronal loss over a 7-day observation 

period of ischemia after HI in WT mice, but not in Nrf2−/−, demonstrating the involvement 

of an Nrf2-dependent mechanism in this neuroprotection. The WT mice but not Nrf2−/− 
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pretreated with DMF or Ginseng indeed showed increased expression levels of Nrf2 target 

antioxidant proteins in the hippocampal CA1 region after HI, further supporting their 

beneficial effects in an Nrf2-dependent manner. The temporal pattern of attenuated reactive 

gliosis progression including abated dysfunction of glutamate metabolism and perturbed 

water transport in WT mice but not Nrf2−/− pretreated with DMF or Ginseng correlated well 

with such an Nrf2-dependent neuroprotection process. In addition, at different phases of 

ischemia, Nrf2−/− mice displayed exacerbated ischemic damage and deteriorated reactive 

gliosis progression in the ischemic hippocampus after HI, further highlighting the important 

role of Nrf2-dependent endogenous neuroprotection that is closely associated with glial cells 

by reactive gliosis in the context of ischemia under HI.

Pretreatment with DMF or Ginseng Reveals Robust and Prolonged Neuroprotective 
Properties against Ischemic Damage in an Nrf2-dependent Manner.

Recently, both DMF and Ginseng have gained considerable attention for their 

pharmacological properties that cannot only scavenge excessive free radicals but also boost 

the endogenous protective mechanism such as cellular antioxidant capacity by inducing de 
novo synthesis of antioxidant enzymes, potentially preventing the brain from subsequent 

severe damage [17]. We opted for pretreatment with DMF or Ginseng orally for several 

reasons, principally to prevent the surge in free radicals by boosting the endogenous 

antioxidant capability. The penumbral brain tissues are viable and salvageable when 

compared with the irreversible ischemic core insult, therefore emerging as one primary 

target for preventive treatment [38, 39]. We proposed that both DMF and Ginseng not only 

could enhance the brain’s resistance to acute ischemic insult, but also extend their beneficial 

effects to later phases after HI. The ischemic cascade usually continues for hours but can 

persist for days, even after the restoration of blood circulation [6]. Indeed, acute ischemic 

insult quickly led to a progressive deterioration of hippocampal CA1 neurons and peaked at 

24 h, followed by gradual progression within 7 days after HI. In agreement with our 

assumption, pretreatment with DMF or Ginseng exhibited robust and sustained 

neuroprotective efficacy at different times, extents, and types. It essentially prevents the 

brain from acute ischemic insult possibly through limiting stroke initiation and rapid 

deteriorative processes, indicated by a significant reduction of the prompt deteriorative 

progression of hippocampal neuronal loss from 6 to 24 h after HI, and such favorable effects 

extended to the 7-day observation time. Nevertheless, demonstration of long-term protection 

is more meaningful for potential future use in humans. These data are consistent with recent 

reports that revealed the neuroprotective efficacy of DMF or Korean red ginseng in different 

stroke models, but all were conducted through post-stroke administration [21, 40–43]. 

Conversely, the Nrf2−/− mice are significantly more prone to ischemic insults than WT mice, 

as the loss of Nrf2 renders animals more vulnerable to various stressors through the failure 

to induce downstream phase II enzymes. Importantly, such beneficial effect was shown in an 

Nrf2-dependent manner by contrasting the outcomes between WT and Nrf2−/− groups. Here, 

we also need to point out that there is another possibility of an Nrf2-independent mechanism 

underlying this neuroprotection that was concealed by excessive severe ischemic damage 

induced by the lack of Nrf2.
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The Nrf2-dependent Pathway Constitutes the Neuroprotection Mechanism.

Accumulated evidence shows that Nrf2 is a master regulator of redox homeostasis and 

inflammation during normal or pathological conditions by inducing the expression of a large 

variety of cytoprotective and detoxification genes encoding for phase II defense enzymes 

and antioxidant stress proteins [6, 8, 10, 11, 44]. The noted resistance of Nrf2 from oxidative 

stress-induced neurotoxicity is especially important for brain tissue that is not well equipped 

with antioxidant defenses. After activation, Nrf2 specifically regulates genes bearing an 

antioxidant response element within their promoter region like NQO1, HO1, GPx1, and 

SOD2, which control redox homeostasis. Our in vivo data reveals the Nrf2-dependent 

neuroprotective effects by DMF or Ginseng on hippocampal neuron damage in the context 

of ischemia under HI. Further studies will be helpful to demonstrate the clarify the cellular 

mechanism underlying the neuroprotection.

The Temporal Pattern of Attenuated Reactive Gliosis Progression Correlates well with 
Nrf2-dependent Neuroprotection.

Glial cells are crucial for maintaining brain homeostasis, including energy metabolism, 

synaptic transmission, extracellular glutamate level, potassium buffering, and water 

homeostasis in various CNS conditions. In response to CNS insults, reactive microglia and 

astrocytes display hypertrophy, proliferation, and migration. It has been reported that many 

Nrf2 target antioxidant and detoxification genes are preferentially expressed in glial cells 

[45]; therefore, activation of Nrf2 may be closely associated with the reactive gliosis 

progression in the pathophysiology of cerebral ischemia, strongly suggesting the potential 

involvement of glial cells in Nrf2-dependent neuroprotection. Although studies have 

reported the vital role of glial cells in the pathophysiological progression of CNS injury, 

little is known about their contribution, associated with Nrf2 activation, in the context of 

ischemia under HI, and if this process contributes to the neuroprotection of pretreatment 

with DMF or Ginseng. Cerebral ischemia causes acute-phase cellular-to-brain injury within 

hours and late-phase brain damage that continues in the days after ischemia [39]. As we 

summarized in Fig. 6, during the acute deterioration of neuronal damage, pretreatment with 

DMF or Ginseng apparently attenuated the early and delayed phase progression of reactive 

gliosis in the hippocampal CA1 region within our 7-day observation period, but not under 

Nrf2 deficiency. The temporal pattern of sustained attenuated reactive gliosis progression 

correlated well with the Nrf2-dependent reduction of ischemic hippocampal CA1 neuronal 

loss. Recent reports indicated that in the initial early phase of ischemia insult around 6 h, 

microglia activation displayed by the expansion of microglia mainly consisted of the local 

existing resident microglia, not the microglial progenitors from the blood [46–49].

We also investigated selected astrocytic functions that involve extracellular glutamate 

clearance and water transport. AQP4, predominantly distributed in the perivascular astrocyte 

end feet and perisynaptic astrocytic terminals, is the most abundant water channel in the 

brain [50–52]. It is considered to play a key role in ischemia-induced edema, which 

remarkably affects the extent of brain lesion and repair. Astrocytes control extracellular 

glutamate levels through the ATP-dependent enzyme GS, which is exclusively expressed in 

astrocytes, and they are most sensitive to the oxidative insult during cerebral ischemia [53]. 

Our study revealed that pretreatment with DMF or Ginseng inhibited the rapid increases in 

Liu et al. Page 10

Mol Neurobiol. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the early phase and preserved levels from the sharp decline in later phases in GS and AQP4 

expression caused by acute ischemia after HI, eventually attenuating the development and 

progression of ischemic injury. Our results are consistent with previous recent studies on 

DMF and Korean red ginseng [41, 54, 55]. The osmotic overload induced by the increase of 

glutamate and potassium ions may result in the initial swelling of astrocytes, followed by 

activation of a water influx through AQP4 that exacerbated the swelling, eventually leading 

to neuronal death [51, 56–58]. The coordinated AQP4 regulation by neuroprotection could 

compensate for the decrease of the intracellular hyperosmotic pressure triggered by 

astrocytic dysfunction of glutamate clearance. Importantly, these effects were absent under 

Nrf2 deficiency. Together, pretreatment with DMF or Ginseng attenuated the deteriorative 

disruption of microglia activation and astrocytic structural integrity and dysfunction, 

including water transport and glutamate clearance, correlating well with the Nrf2-dependent 

neuroprotection.

The Impact of Nrf2-dependent Neuroprotection on Temporal Reactive Gliosis Progression 
in the Hippocampus is Well Revealed in the Context of Ischemia under HI.

Although reactive gliosis, Nrf2 activation, and the role of Nrf2 action on glial cells have 

been considered to be implicated in the pathogenesis of various CNS diseases, there are no 

findings available for these claims in ischemia initiation, progress, and repair in an HI mouse 

model. In the proof-of-principle experiments with Nrf2−/− mice, we provided in vivo 
evidence for the different phases of ischemia-induced reactive gliosis, along with an 

assessment of the role of an Nrf2-dependent mechanism in this process after HI. As we 

proposed, Nrf2-deficient mice displayed greater susceptibility to ischemic insult in both the 

early and later phases after HI, as indicated by exacerbated ischemic neuronal loss and 

reactive gliosis. In addition, Nrf2 displays an important role in glutamate metabolism and 

water transport, indicated by delayed progression of GS and AQP4 expression following 

ischemic insults. These findings confirm the important role of Nrf2-dependent 

neuroprotection and its impact on ischemia-induced reactive gliosis progression in an HI 

mouse model, further supporting our assumption.

Ischemic stroke induces significant short- and long-term deficits in sensory, motor, 

perceptual, and cognitive functions, associated with related affected brain regions. Indeed, 

our previous study indicated that DMF or Ginseng elicited sustained neuroprotection against 

the deterioration in both ischemic striatum and cortex through Nrf2 pathway, eventually 

ameliorating sensorimotor deficits after HI [59]. The dynamic pattern of attenuated reactive 

gliosis was also involved in this beneficial effect. The present study showed the beneficial 

effect of DMF or Ginseng on ischemic hippocampal injury, potentially ameliorating 

associated cognitive impairment. The contribution of reactive gliosis and Nrf2 mechanism in 

this neuroprotection also correlated well with this previous study. This further supports the 

unique protective role of Nrf2 and the promising perspective of Nrf2-targeting therapeutic in 

stroke field.

A limitation of our work that should be mentioned is that the time-dependent nuclear Nrf2 

protein translocation was not scrutinized. This could help to clarify whether the Nrf2 signal 

is activated in response to DMF/Ginseng treatment during ischemic injury. Due to the issue 
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of specificity and selectivity of commercially available mouse Nrf2 antibodies [60, 61], for 

the next steps we plan to examine Nrf2 specific target protein levels in various brain cell 

types. Here, we mainly focused on the in vivo evidence of temporal reactive gliosis and 

Nrf2-dependent neuroprotection by DMF and Ginseng. We characterized the morphological 

progression of microglia and astrocytes in response to an ischemic insult in the early and late 

stages of ischemia following HI. To further illuminate the accurate roles of reactive gliosis in 

microglia and astrocytes in the Nrf2-dependent neuroprotection, we plan to next investigate 

the Nrf2 pathway and ischemic cascade markers that may uniquely mediate reactive gliosis, 

as well as the functional alterations of glial cells.

In conclusion, by using hypoxic-ischemic and transgenic loss-of-function of Nrf2 mouse 

models, we demonstrate that DMF or Ginseng elicited robust and prolonged neuroprotection 

against the early and late phases of ischemic hippocampal CA1 neuronal degeneration, while 

temporal attenuation of reactive gliosis in microglia and astrocytes played a critical role in 

this Nrf2-dependent neuroprotection. Moreover, Nrf2 could effectively regulate dynamic GS 

and AQP4 expressions that affect the extent of ischemic damage and repair. This study 

provides new insights into the role of reactive gliosis in Nrf2-dependent endogenous 

neuroprotection, enriching our understanding of the Nrf2-targeting therapeutic strategy in 

the context of ischemia.
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Fig. 1. Pretreatment with DMF or Ginseng reduces ischemia-induced infarct volume, brain 
edema, and hippocampal CA1 neuron loss 24 h after HI in WT mice, but not in Nrf2−/− mice.
(a) Representative images of TTC-stained brain sections (n=4–6 per group). (b and c) 

Quantitative analyses of infarct volume and brain edema. (d) Representative images of CV-

stained hippocampus (n=3 per sham group and n=4–5 per ischemic group). (e) Quantitative 

analyses of hippocampal CA1 neurons indicated by CV staining. 24 h after HI, ischemia-

induced infarct volume, brain edema, and hippocampal CA1 neuronal loss were significantly 

reduced in WT, but more importantly, not in Nrf2−/− mice pretreated with DMF or Ginseng, 

whereas Nrf2 deficiency significantly exacerbated the deterioration process. *P<0.05, 

**P<0.01, #P<0.05. TTC: 2,3,5-triphenyltetrazolium chloride; CV: Cresyl violet. Scale bar, 

2 mm (a), 500 μm (d, hippocampus) and 50 μm (d, CA1 sub-region).
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Fig. 2. In WT but not Nrf2−/− mice pretreated with DMF or Ginseng, Nrf2 target antioxidant 
protein are significantly increased 24 h after HI.
(a, b) At 24 h after HI, the tissue from the ipsilateral hippocampal CA1 region was used for 

analysis of Nrf2 target proteins levels. Pretreatment with DMF or Ginseng significantly 

increased the expression levels of Nrf2 target antioxidant proteins NQO1, HO1, GPx1, and 

SOD2. More importantly, such benefits were not detected under Nrf2 deficiency. n=3–4 per 

group. *P<0.05, #P<0.05.
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Fig. 3. Pretreatment with DMF or Ginseng attenuates ischemia-induced reactive gliosis in 
microglia and astrocytes, including astrocytic dysfunction of glutamate metabolism and water 
homeostasis 24 h after HI in WT but not Nrf2−/− mice.
(a) Representative images of Iba1, GFAP, GS, and AQP4 stained hippocampal CA1 regions 

(n=4–5 per group). (b–e) Quantitative analyses of (a). In normal conditions, microglia and 

astrocytes tiled the whole CA1 region in a regular distribution pattern in both WT and 

Nrf2−/− mice, mostly exhibiting a nonreactive status with small soma and fine processes. 

Ischemia triggered apparent proliferation 24 h after HI as indicated by increased 

immunoreactivity of glial cells, with hypertrophic soma and highly stained processes. 

Pretreatment with DMF or Ginseng significantly attenuated such process in WT mice, but 

failed to do so in Nrf2−/− mice. In addition, pretreatment with DMF or Ginseng significantly 

protected against the sharp increase of GS and overt decline of AQP4 expression levels in 

WT but not Nrf2−/− mice. n=4–5 per group. *P<0.05, **P<0.01, #P<0.05, ##P<0.01. Iba1, 

ionized calcium-binding adapter protein 1; GFAP, glial fibrillary acidic protein; GS, 

glutamine synthetase; AQP4, aquaporin 4. Scale bar, 50 μm.
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Fig. 4. The early phase of reactive gliosis and ischemia-induced neuronal injury are profoundly 
mitigated by pretreatment with DMF or Ginseng, whereas Nrf2 deficiency reduces such effects.
(a) Representative images of CV-, Iba1, GFAP, GS, and AQP4 stained hippocampal CA1 

regions at 6 h after HI (n=4–5 per group). (b–f) Quantitative analyses for (a). The early 

phase of ischemia-induced hippocampal CA1 neuronal injury was significantly attenuated in 

WT but not Nrf2−/− mice pretreated with DMF or Ginseng, whereas Nrf2 deficiency 

exacerbated such an injury. Consistently, reactive gliosis in microglia and astrocytes 

including astrocytic dysfunction of glutamate metabolism and water homeostasis was 

significantly reduced by pretreatment with DMF or Ginseng, but not under Nrf2 deficiency, 

as revealed by the intensity of Iba1, GFAP, GS, and AQP4 staining. *P<0.05, #P<0.05. CV: 

Cresyl violet; Iba1, ionized calcium-binding adapter protein 1; GFAP, glial fibrillary acidic 

protein; GS, glutamine synthetase; AQP4, aquaporin 4. Scale bar, 500 μm (a, hippocampus) 

and 50 μm (a, CA1 sub-region).
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Fig. 5. The attenuated reactive gliosis contributed to the late-stage of Nrf2-dependent 
neuroprotection by pretreatment with DMF or Ginseng, but not under Nrf2 deficiency.
(a) Representative images of CV-positive neurons in hippocampal CA1 neurons. (b–f) 
Quantitative analyses of (a). It appears that in the late phase of ischemia, hippocampal CA1 

injury had a slight recovery 7 days after HI. After pretreatment with DMF or Ginseng, WT 

but not Nrf2−/− mice display a significantly better recovery process, as revealed by the 

average density of hippocampal CA1 neurons. However, Nrf2 deficiency significantly 

worsened the injury compared to ischemic WT controls. n=5–7 per group. *P<0.05, 
#P<0.05. CV: Cresyl violet; Iba1, ionized calcium-binding adapter protein 1; GFAP, glial 

fibrillary acidic protein; GS, glutamine synthetase; AQP4, aquaporin 4. Scale bar, 500 μm 

(a, hippocampus) and 50 μm (a, CA1 sub-region).
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Fig. 6. Schematic representation of dynamic reactive gliosis in response to hypoxia-ischemia 
insults.
Following hypoxia-ischemia, acute ischemic insults promptly trigger activation of microglia 

and astrocytes, characterized by hypertrophic soma with thickened and retracted processes. 

With the rapid ischemic injury progression, the activated glial cells proliferate especially at 

the lesion sites to limit the injury and promote the repair. Nrf2 deficiency markedly 

exacerbates the progression above, along with the more severe neuronal degeneration in 

ischemic hippocampal CA1 region. In contrast, Nrf2 activation by DMF or Ginseng 

dramatically attenuates reactive gliosis, correlated well with the neuronal protection.
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