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A B S T R A C T

The transcriptional factor Nrf2, a master regulator of oxidative stress and inflammation that are tightly
linked to the development and progression of cerebral ischemia pathology, plays a vital role in inducing the
endogenous neuroprotective process. Here, hypoxic-ischemia (HI) was performed in adult Nrf2 knockout
and wildtype mice that were orally pretreated either with standardized Korean red ginseng extract (Ginseng)
or dimethyl fumarate (DMF), two candidate Nrf2 inducers, to determine whether the putative protection was
through an Nrf2-dependent mechanism involving the attenuation of reactive gliosis. Results show that Nrf2
target cytoprotective genes were distinctly elevated following HI. Pretreatment with Ginseng or DMF eli-
cited robust neuroprotection against the deterioration of acute cerebral ischemia damage in an Nrf2-de-
pendent manner as revealed by the reductions of neurological deficits score, infarct volume and brain
edema, as well as enhanced expression levels of Nrf2 target antioxidant proteins and anti-inflammation
mediators. In both ischemic striatum and cortex, the dynamic pattern of attenuated reactive gliosis in as-
trocytes and microglia, including affected astrocytic dysfunction in glutamate metabolism and water
homeostasis, correlated well with the Nrf2-dependent neuroprotection by Ginseng or DMF. Furthermore,
such neuroprotective benefits extended to the late phase of ischemic brain damage after HI, as evidenced by
improvements in neurobehavioral outcomes, infarct volume and brain edema. Overall, pretreatment with
Ginseng or DMF identically attenuates reactive gliosis and confers long-lasting neuroprotective efficacy
against ischemic brain damage through an Nrf2-dependent mechanism. This study also provides new insight
into the profitable contribution of reactive gliosis in the Nrf2-dependent neuroprotection in acute brain
injury.

1. Introduction

Cerebral ischemia initiates a series of pathophysiological
changes that eventually lead to neuronal death, involving the mo-
bilization of various brain cell types, the accumulation of oxidants
and the production inflammatory mediators [1]. Endogenous neu-
roprotective mechanism by which the brain prevents itself from
noxious stimuli and promotes recovery from severe ischemic da-
mage is the focus of stroke research, ultimately facilitating func-
tional recovery [2]. Investigations of signaling pathways underlying
endogenous neuroprotection have identified a number of ther-
apeutic targets for pharmacological intervention [3]. It is widely

known that oxidative stress and inflammation following cerebral
ischemia are tightly related to the pathogenesis and the extent of
brain injury, contributing significantly to the development and
progression of ischemic pathology. Over the past decade, we and
others have identified that the transcriptional factor Nrf2, a master
regulator of oxidative stress and inflammation through diverse cy-
toprotective and detoxification genes, plays a vital role in inducing
various endogenous neuroprotective process [4–9]. Consequently,
targeting Nrf2 has emerged as a promising strategy for disease
prevention, therapy or reversal. However, the precise underlying
mechanisms remain limited [7,8].

Our group has been interested in actively screening various Nrf2
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inducers and elucidating the underlying mechanisms for the benefit
processes against stroke and other neurological disorders. Recently,
both Korean red ginseng (Ginseng) and dimethyl fumarate (DMF),
based on their antioxidative and anti-inflammatory attributes, have
been associated with neuroprotective potentials for several CNS dis-
eases [10–13]. Panax ginseng, a popular herb distributes in East Asia,
has been used in traditional oriental medicine for thousands of years
and is now one of the most extensively used herbs for medicinal and
nutritional supplement worldwide [12,13]. Standardized Korean red
ginseng extracts, derived from the root of Panax ginseng C.A. Meyer,
have exhibited an encouraging protective efficacy with antioxidant and
anti-inflammatory properties against various neurological conditions in
animal and human studies [13]. DMF, the dimethyl ester derivative of
fumaric acid, exhibits both neuroprotective and immunomodulatory
effects and was granted indication for Multiple Sclerosis by U.S. Food
and Drug Administration in 2013 [10,14] and Psoriasis by European
Medicines Agency in 2017 [15]. However, the respective effects of
pretreatment with Ginseng or DMF on cerebral ischemia under HI are
still unknown.

The pharmacological pretreatment on ischemia was expected to,
similar as ischemic preconditioning, improve the resistance of brain
tissue from a subsequent severe ischemic insult [16,17]. Such sti-
mulus induced neuroprotection comprises a rapid phase and a de-
layed phase [18–20]. The former occurs immediately after stimulus
and lasts several hours through acting on interfering RNA, phos-
phorylation targets and transporter regulation, after which the effect
wind down and disappears, and the later follows after a delay of 1–3
days, which is relying on gene activation and de novo protein
synthesis.

Reactive gliosis, mainly refers to astrocytes and microglia, undergo
varying gene expression, morphology and proliferation changes, having
diverse and vital functions in the ischemia injury onset and progression
[21–24]. In response to ischemic insult, reactive astrocytes assist in
buffering changes in extracellular ion homeostasis like glutamate, al-
tering the osmoregulation, counteracting the development of brain
edema, and repairing the integrity of the blood–brain barrier [25,26].
Studies have suggested that Nrf2 downstream target genes that encode
for phase II defense enzymes and antioxidant proteins like heme oxy-
genase-1 (HO1), NAD(P)H dehydrogenase [quinone] 1 (NQO1), etc. are
particularly enriched in glia cells, suggesting the important role of Nrf2
signals in reactive gliosis process that may confer sufficient neuropro-
tection in the pathogenesis and progression of neurological diseases
including ischemic brain injury. However, the supporting experiment
data remain limited.

In the present study, we hypothesized that the pretreatment with
the standardized Korean red ginseng extract (Ginseng) or DMF, two
potent candidate Nrf2 inducers, could elicit robust neuroprotective
efficacy against cerebral ischemic damage by an Nrf2-dependent me-
chanism involving anti-oxidative and anti-inflammatory response and
attenuation of reactive gliosis. Accordingly, we had six specific goals
in this study by using a cerebral hypoxia-ischemia mouse model and
Nrf2-/- mice: (1) to examine whether pretreatment with Ginseng or
DMF protects against acute cerebral ischemia outcomes in an Nrf2-
dependent manner; and if yes, (2) to address whether pretreatment
with Ginseng or DMF could protect brain from ischemia triggered
oxidative and inflammatory damage through Nrf2 activation by con-
trasting the Nrf2 and its target genes expression pattern between is-
chemic WT and Nrf2-/- mice; (3) to assess whether dynamics pattern of
reactive gliosis process contributes to the Nrf2-dependent neuropro-
tection by Ginseng or DMF; (4) to evaluate whether such Nrf2-de-
pendent neuroprotection can extend to late phase after HI; (5) to
compare the differences in efficacy and associated mechanism be-
tween Ginseng and DMF at doses tested; and (6) to provide in vivo
evidence for the crucial role of Nrf2 during the initiation and pro-
gression of cerebral ischemia under HI by transgenic loss-of-function
of Nrf2 experiments.

2. Materials and methods

2.1. Animals

All animal experiments were performed according to the NIH Guide
for the Care and Use of Laboratory Animals and approved by the
University of Florida Institutional Animal Care and Use Committee. The
Nrf2-/- mice were generated as described previously [5]. Adult (10–18
weeks) Nrf2-/- and matched WT C57BL/6 male mice were used for this
study. The number of animals per group for each assay was calculated
based on power analysis. All mice were subjected to neurological be-
havioral assessment and sacrificed at 6 h, 24 h and 7 day post-ischemia
for different measurement. All experiments and analyses were per-
formed in a blinded, randomized, and controlled design to genotype,
group assignment and treatment.

2.2. Cerebral hypoxia-ischemia model

Cerebral hypoxia-ischemia (HI) was induced in mice as Koh et al.
described [27], and this transient unilateral cerebral ischemia model
generates reproducible ischemic lesion in the ipsilateral hemisphere.
Each mouse was anesthetized with isoflurane (4% for induction, 1.5%
for maintenance) in an oxygen/air mixture during surgery. Artificial
tear ointment was applied to each mouse for protection and lubrication.
The right common carotid artery (CCA) was carefully separated and
occluded permanently by a ligature using a 6/0 nylon suture. After the
incision was closed, mouse was returned to its cage and allowed to
recover for 2 h with free access to food and water. The mouse was then
exposed to systemic hypoxia (8% O2/balance N2) for 1 h in a plexiglas
chamber [28], and then was returned to its home cage.

2.3. Pretreatment with Ginseng or DMF

The standardized Korean red ginseng extract (Ginseng) is a water
soluble red powder that is prepared and standardized as previous de-
scribed [29,30]. Dimethyl fumarate (DMF) was purchased from Sigma
(242926). Vehicle (double-distilled water), Ginseng (100mg/kg/day,
dissolved in double-distilled water), or DMF (100mg/kg/day, sus-
pended in 0.08% methylcellulose) were administered orally for 7 days
to C57BL/6 WT and Nrf2-/- mice prior to HI as previous reports
[11,29–32].

2.4. Measurement of infarct volume and edema

At 6 h, 24 h and 7 days after HI, the brain infarct volume and edema
were measured by cresyl violet staining [33,34]. Mice brains were
sliced to 30-μm-thick coronal sections on a Leica rotary microtome
cryostat, and every tenth section throughout the infarct-containing re-
gion was stained. The infarct area of each section was delineated and
analyzed using image analysis software (ImageJ, National Institutes of
Health, Rockville, MD). To minimize error induced by edema, an in-
direct method was used for calculating infarct volume. Corrected in-
farct volume (%) = [volume of contralateral hemisphere – (volume of
ipsilateral hemisphere – volume of infarct)]/volume of contralateral
hemisphere × 100. Edema volume (%) = [(volume of ipsilateral
hemisphere – volume of contralateral hemisphere)/volume of con-
tralateral hemisphere] × 100.

2.5. Behavioral testing

A battery of behavior tests, including neurological deficits score,
open field test, and cylinder test, were designed to assess neurological
behavioral deficits of mice at indicated time points. Experimenters for
tests and analyses were blind to genotype, group assignment and
treatment.

L. Liu et al. Free Radical Biology and Medicine 131 (2019) 98–114

99



2.5.1. Neurological deficits score
At 6 h, 24 h, 3 days and 7 days after HI, the neurological deficits

score (NDS) of mice was assessed using six individual tests, including
body symmetry, gait, climbing, circling behavior, front limb symmetry,
and compulsory circling, as we have previously described [35,36].
Scoring for each test was performed by 2 trained investigators in a
blinded fashion using a 4-point scoring system (0, no deficits; 4, severe
deficits), and the average of the summed scores from the six tests was
reported as the final NDS of each mouse.

2.5.2. Open field test
At 3 and 7 days after HI, spontaneous locomotor activity of mice

was assessed in an open field with an automated video tracking system
(MED Associates, St. Albans, VT) as we described previously [37]. A
mouse was placed in a plastic chamber and allowed to explore for
30min. The total distance travelled for each mouse was used as the
indices of motor/exploratory behavior.

2.5.3. Cylinder test
At 7 days after HI, the optimized cylinder test was used for assessing

the sensorimotor impairment of mice by measuring the unilateral def-
icits in voluntary forelimb use as our previous report [38]. A trans-
parent acrylic glass cylinder (8 cm in diameter and 25 cm in height) was
placed on a glass-supporting frame. A mirror was placed beneath the
glass at a 45-degree angle. Each mouse was video-recorded for 6min to
determine forelimb preference. At least 10 times of full rearings and 20
times of forelimb contacts are needed for analyzing using slow motion
or frame-by-frame function of the Video Lan Client (VLC) freeware
software. The following parameters were analyzed: (1) Total forelimb
use (%, contralateral side to ischemic lesion), which is the total number
of all forelimb contacts on the cylinder wall during individual full
rearing period; (2) First contact events (%, with both forelimbs), which
is when the first contact of a mouse on the cylinder wall happened with
both forelimbs during individual full rearing period. The definitions of
related parameters: (1) Full rearing, which is when mouse stand up on
two hind legs only; (2) Forelimb use, which is the placement of the
whole palm on the cylinder wall to support the body in full rearing
instances; (3) The contact with both forelimbs, which is when the
mouse contacts the cylinder wall with both forelimbs simultaneously
(the interval between both forelimbs contacts is no more than 3 frames
at 29 frames per second). The calculations for above parameters: (1)
Total forelimb use (left, %) = total number of contacts with the left
forelimb/total number of contacts with each side of forelimb ×100; (2)
First contact events with both forelimbs (%) = total number of first
contact events with both forelimbs/total number of full rearings with
any forelimb contact (s) × 100.

2.6. Immunohistochemistry

Immunohistochemistry staining for mice brain slices (sham and
post-ischemia at indicated time points) was performed as we described
previously [35]. Mice were anesthetized and transcardially perfused
with PBS (pH 7.4) followed by 4% paraformaldehyde (pH 7.4) in PBS.
Brain samples were collected, post-fixed, and cryoprotected in 30%
sucrose (w/v) and sliced to 30-μm-thick coronal sections on a Leica
rotary microtome cryostat. Immunohistochemistry staining 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 fi-
brillary acidic protein (GFAP; 1:3000; DAKO, Carpinteria, CA), mouse
monoclonal glutamine synthetase (GS; 1:3000; EMD Milipore, Billerica,
MA), and rabbit polyclonal aquaporin 4 (AQP4; 1:3000; EMD Milipore,
Billerica, MA). Sections were washed and incubated with appropriate
secondary antibodies on the following day. The immunoreaction was
visualized using 3,3-diaminobenzidine chromogen solution (DAB sub-
strate kit; Vector Laboratories). Three consecutive coronal sections

were quantitatively analyzed and provided a single value. We counted
Iba1-positive cells area (%), the total number and the immunoreactive
intensity of GFAP-positive astrocytes, GS immunointensity and AQP4
immunointensity in indicated brain regions. The images were captured
using ScanScope CS and analyzed using ImageScope Software (Aperio
Technologies, Vista, CA) or ImageJ software.

2.7. Western blot

Western blot analyses were performed using standard protocols [5].
Mice brain samples from the peri-infarct regions of cortex or striatum
were homogenized in lysis buffers, and total protein concentration was
determined using a Bradford protein assay kit (Bio-Rad). An equal
amount of protein was separated using 4–15% polyacrylamide Tris-HCl
gradient gels (BioRad, Hercules, CA) and transferred to PVDF mem-
branes. After blocking with 5% skim milk, the membranes were in-
cubated with goat polyclonal NQO1 (1:1000; Abcam, Cambridge, MA),
rabbit polyclonal HO1 (1:1000; Enzo Life Sciences, Farmingdale, NY),
rabbit polyclonal superoxide dismutase 2 (SOD2; 1:2000; EMD Mili-
pore, Billerica, MA), rabbit polyclonal glutathione peroxidase 1 (GPx1;
1:1000; Abcam, Cambridge, MA), and mouse anti-actin (1:5000, EMD
Millipore, Billerica, MA). Quantification analysis was performed using
ImageJ software.

2.8. Quantitative Real-Time PCR

RNA for tissue of peri-infarct brain regions of cortex or striatum was
extracted using Trizol (Invitrogen) according to the protocol (Qiagen)
[39]. Total RNA was purified using RNeasy kit (Qiagen). RNA (1.5 μg)
per sample was reverse transcribed into cDNA using SuperScript III RT
Reverse Transcriptase (Invitrogen) and then was stored at −20 °C for
further measurement. The mRNA levels were analyzed with a quanti-
tative real-time PCR (qPCR) system (Bio-Rad). The relative expression
value for each target gene was calculated using the ΔΔCt method after
normalization to 18S. Each reaction was performed in triplicate and
each experiment was repeated two times. The following primer se-
quences were used (5′ to 3′): 18S, Forward, CGATCCGAGGGCCTCA
CTA, Reverse, AGTCCCTGCCCTTTGTACACA; IL-10, Forward, GCTCT
TACTGACTGGCATGAG, Reverse, CGCAGCTCTAGGAGCATGTG; iNOS,
Forward, GTTCTCAGCCCAACAATACAAGA, Reverse, GTGGACGGGTC
GATGTCAC; IL-1ß, Forward, GGATGAGGACATGAGCACCT, Reverse,
TCCATTGAGGTGGAGAGCTT.

2.9. Statistical analysis

PRISM software (GraphPad V.5) was used to perform the statistical
analyses. The number of samples for each experiment is stated in each
figure legend. Two-sample comparisons were analyzed using the two-
tailed Student's t-test. 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 were
expressed as group mean ± SEM and P≤0.05 was considered statis-
tical significance.

3. Results

3.1. The expressions of Nrf2 and its downstream target genes are highly
elevated in hypoxic-ischemic brain regions

To examine whether Nrf2 signals could play key roles in the pa-
thophysiological oxidative and inflammatory events that follow cere-
bral hypoxia-ischemia (HI), we investigated the temporal pattern of HI
lesion by cresyl violet staining and the expression levels of Nrf2 and its
downstream genes in ischemic regions following HI. As shown in
Fig. 1A, ischemic infarction size expanded rapidly from the ipsilateral
striatum into nearby brain regions in the acute phase (within 24 h)
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followed by a tendency of spontaneous recovery in the late phase (7
days) after HI. The tissues from sham controls and ischemic striatum
and cortex regions were used for the following measurements (Fig. 1 B-
I). Since currently there is no reliable commercial Nrf2 antibody
[40,41], we measured the mRNA level of Nrf2. Compared to sham
controls, Nrf2 mRNA expression had a 1.5–2.4 fold increase from 6 to
24 h after HI in both brain regions. In response to ischemia, the Nrf2
downstream antioxidant proteins NQO1 and HO1 in both brain regions
were also significantly elevated compared to sham controls. No sig-
nificant differences for the expressions of above markers were detected
between indicated time points. These results suggest that ischemia in-
sult triggered significant alteration of Nrf2 signals, implying the role of
Nrf2 pathway in the pathophysiological events following cerebral
ischemia.

3.2. Pretreatment with Ginseng or DMF identically reduces acute ischemic
brain damage in an Nrf2-dependent manner

To examine whether pretreatment with Ginseng or DMF, two most

potent Nrf2 inducers, can exert neuroprotection against acute ischemic
brain damage under HI and if Nrf2 pathway contributes this effect, we
assessed the neurological deficits score, infarct volume and brain edema
of post-ischemia mice at 24 h after HI (Fig. 2). WT and Nrf2-/- mice
received 7 days of pretreatment with Ginseng or DMF and then were
subject to ischemic injury by HI. As shown in Fig. 2A, neurological
deficits, indicated by neurological deficits score, were significantly
improved in WT, but not Nrf2-/-, mice pretreated with Ginseng or DMF
when compared with corresponding controls. Likewise, the infarct vo-
lume and brain edema were significantly reduced in WT (infarct vo-
lume: 23.11 ± 0.97% vs 10.60 ± 1.43% or 12.43 ± 0.85%,
P < 0.05; brain edema: 11.47 ± 0.74% vs 4.21 ± 1.03% or
6.69 ± 0.91%, P < 0.05; Fig. 2B-D), but not Nrf2-/-(infarct volume:
34.63 ± 1.63% vs 23.91 ± 2.67% or 27.34 ± 1.76%, P < 0.05;
brain edema: 17.33 ± 1.13% vs 13.77 ± 1.63% or 12.61 ± 0.80%,
P < 0.05; Fig. 2B-D), mice pretreated with Ginseng or DMF when
compared to corresponding control mice. In contrast, Nrf2 deficiency
resulted in significantly more severe neurological deficits score and
larger infarct volume and brain edema than WT control mice after HI.

Fig. 1. Induction of Nrf2 signature in ischemic brain regions at various times following HI. (A) The time-dependent ischemic brain damage over 7 days after HI
was assessed by cresyl violet staining of coronal brain sections. HI resulted in a rapid increase in infarct size in striatum and cortex within 24 h followed with a
gradual and spontaneous recovery on day 7. The initial ischemic damage occurred in striatum and then spread to nearby brain regions. (B and F) qRT-PCR was used
to determine the Nrf2 mRNA level in the ischemic striatum and cortex at 6, 12 and 24 h following HI. Nrf2 mRNA levels had a 1.5–2.4 fold increase within 24 h after
HI in both brain regions compared to sham controls, whereas there is no significant difference between indicated time points. (C, D, E, G, H and I) Western blot
results were quantified for the protein levels of Nrf2 target markers NQO1 and HO1 in ipsilateral ischemic striatum and cortex at 6, 12 and 24 h following HI
compared with sham controls. Protein levels of above markers at indicated times were also significantly elevated compared to sham controls, whereas no difference
was detected between indicated time points. n=3–4 per group. *P < 0.05, **P < 0.01.
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No any significant difference was detected in above measures between
Ginseng and DMF pretreated groups, indicating their similar efficacy on
HI brain damage at indicated dose. These findings suggested that pre-
treatment with Ginseng or DMF identically protects against acute is-
chemic damage in an Nrf2-dependent manner and further supported
the neuroprotection role of Nrf2 signals in the context of HI.

3.3. Ginseng or DMF associated neuroprotection is correlated with changes
in Nrf2-related phase II proteins

Oxidative stress and inflammation are tightly related to the extent of
injury following cerebral ischemia attack. To examine whether the
activation of Nrf2 pathway though regulation of its phase II proteins
contributes to the beneficial effects of pretreatment with Ginseng or

DMF against oxidative damage caused by ischemic insult, we measured
the induction of four Nrf2-regulated proteins NQO1, HO1, GPx1, and
SOD2 at 24 h after HI, which are well known as cytoprotective and
antioxidative proteins [42]. As shown in Fig. 3, ipsilateral ischemic
striatum and cortex extracts were subjected to Western blot analysis.
The results revealed that post-ischemic WT animal pretreated with
Ginseng or DMF had a significant increase of NQO1, HO1, GPx1, and
SOD2 proteins levels when compared with WT controls, while such
effects were absent in post-ischemic Nrf2-/- mice. In addition, Nrf2
deficiency significantly decreased the expression levels of above mar-
kers when compared with corresponding controls. No significant dif-
ference was detected between Ginseng and DMF pretreated groups at
indicated dose. These results indicated the important role of Nrf2
pathway in acute ischemic brain damage in HI model mice, which may,

Fig. 2. Pretreatment with Ginseng or DMF remarkably protects against acute stroke damage following HI, but not under Nrf2 deficiency. After 7 days of pretreatment
with Ginseng or DMF, both WT and Nrf2-/- mice were subjected to HI. Quantitative analysis was performed to measure neurological deficits score (A), infarct volume
(B and C) and brain edema (D) at 24 h after HI. (A) Neurological deficits scoring, where a lower value indicates a better function (n=16–21 per group). (B)
Representative images of cresyl violet stained brain slices (n= 4–6 per group). (C and D) Quantitative analyses of brain infarct volume and edema (n= 4–6 per
group). Pretreatment with Ginseng or DMF significantly attenuated the neurological deficits score, infarct volume and brain edema in WT mice, but failed to do so in
Nrf2-/- mice, while Nrf2 deficiency exacerbated these acute stroke outcomes. *P < 0.05, #P < 0.05.
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at least in part, contribute to the identical neuroprotective effects of
pretreatment with Ginseng or DMF against ischemic injury.

To examine the influence of pretreatment of Ginseng or DMF on HI
induced inflammation and whether it is associated with Nrf2 me-
chanism, we examined the expression levels of inflammatory mediators
at mRNA level by qPCR in peri-infarct striatum and cortex at 24 h after
HI (Fig. 4). In both brain regions, ischemic insult led to obvious alter-
nations in inflammatory mediators in WT and Nrf2-/- mice. Pretreat-
ment with Ginseng or DMF significantly suppressed the expressions of
pro-inflammatory mediators iNOS and IL-1β and promoted the ex-
pression of anti-inflammatory IL-10 in WT mice, but not in Nrf2-/- mice.
In addition, consistent with previous reports [10,22], Nrf2 deficiency
appeared to increase the iNOS and IL-1β and decrease IL-10 at mRNA
levels in both brain regions. No significant difference was detected in
these measures between Ginseng and DMF pretreated groups at in-
dicated dose. These results confirmed the important role of Nrf2 in anti-
neuroinflammation; and pretreatment with Ginseng or DMF suppressed
ischemia triggered inflammation in an Nrf2-dependent manner.

3.4. Reactive gliosis triggered by acute ischemic insult is attenuated by
pretreatment with Ginseng or DMF in WT, but not Nrf2-/-, mice

Reactive gliosis, mainly refers to astrocytes and microglia, under-
goes varying molecular, morphological, proliferating, gene expressional
and biochemical changes, having diverse and vital functions in the is-
chemic injury onset, progression and functional recovery [24]. It is well
known that Nrf2 downstream target genes are particularly enriched in
glia cells [43], implying the potential crucial role of Nrf2 signals in
reactive gliosis in response to ischemic injury. To examine the con-
tribution of glia cells in the neuroprotective effects of pretreatment with
Ginseng or DMF and Nrf2 induction, morphological changes caused by
HI in both astrocytes and microglia were analyzed in the peri-infarct
areas of striatum and cortex at 24 h after HI by immunohistochemical
staining. The Fig. 5A, C and D showed the changes of astrocytes in
response to acute ischemic insult with the anti-GFAP antibody. In the
shams, astrocytes tiled the whole striatum and cortex in a regular dis-
tribution pattern in both genotypes, mostly displaying a nonreactive

Fig. 3. Pretreatment with Ginseng or DMF protects brain from oxidative damage and enhances Nrf2 downstream antioxidant proteins following HI in WT mice, but
not in Nrf2-/- mice. (A and B) Western blot showed the expression levels of Nrf2 target proteins NQO1, HO1, SOD2 and Gpx1 at 24 h after injury in peri-infarct tissue
in striatum and cortex of different groups. (C and D) Quantifications of above markers for A and B (n=4 per group). In both brain regions, pretreatment with
Ginseng or DMF significantly increase the expression levels of NQO1, HO1, Gpx1 and SOD2 proteins in WT mice, but not in Nrf2-/- mice, when compared with
corresponding controls. In addition, Nrf2 deficiency significantly decreased the expression levels of NQO1 and HO1 in both brain regions and the expression level of
SOD2 in striatum when compared to WT controls. *P < 0.05, **P < 0.01, #P < 0.05.
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state with small soma and fine processes. In either WT or Nrf2-/-, acute
ischemic insult evoked activation and proliferation of astrocytes in-
dicated by the increased number of astrocytes at the peri-infarct area of
both regions, with a larger proportion of reactive astrocytes that feature
hypertrophic somas and highly stained processes. Meanwhile, the ex-
tent of this increase was significantly lower in Nrf2-/- mice than that in
WT mice, and much more degenerated astrocytes with breakdown
somas were observed in Nrf2-/- mice than that in WT mice, indicating
the more severe deteriorative progression triggered by loss of Nrf2. In
both regions, pretreatment with Ginseng or DMF significantly increased
the total number of GFAP-positive cells in WT mice, but not in Nrf2-/-

mice. No significant difference was detected between Ginseng and DMF
pretreated groups. These findings indicated that Nrf2 activation plays a
substantial role in astrocytic activation and proliferation that impact
tissue preservation and functional outcome, supporting that such pro-
liferative reactive astrogliosis in an Nrf2-dependent manner may con-
tribute to the neuroprotection of pretreatment with Ginseng or DMF on
HI damage.

Microglia, the main cell type in the initiation and regulation of
ischemia-induced neuroinflammation, respond rapidly to brain insults
by morphologically changing, proliferating, and enhanced release of
various inflammatory mediators. To address whether microglia acti-
vation contribute to the Nrf2-dependent anti-neuroinflammatory effect
of pretreatment with Ginseng or DMF, we also examined microglia
activation by Iba1 immunostaining (Fig. 5B, E and F). Here, we found
that, compared to sham controls, ischemic injury evoked significant
activation of microglia in both brain regions of WT and Nrf2-/- mice,
characterized by hypertrophic soma with thickened and retracted pro-
cesses. Similar as our observation on reactive astrocytes, Iba1 positive
microglia exhibited significant lower expression level in Nrf2-/- mice
than that in WT mice, implying the potential decline of activated mi-
croglia in response to severe ischemic insult when Nrf2 is absent. In
both brain regions, ischemia triggered microglia activation was

significantly reduced in WT mice pretreated with Ginseng or DMF, but
not in Nrf2-/- mice. No significant difference was detected between
Ginseng and DMF pretreated groups. These data supported the sup-
pression role of pretreatment with Ginseng or DMF on ischemia trig-
gered microglia activation, consistent well with the Nrf2-dependent
anti-inflammatory effects.

3.5. Astrocytic dysfunction in glutamate metabolism and water homeostasis
triggered by acute ischemic insult is affected by pretreatment with Ginseng or
DMF in WT, but not in Nrf2-/-, mice

We next asked whether astrocytic functions on glutamate clearance
and water transport were affected in peri-infarct regions of striatum and
cortex at 24 h after HI, which are crucial for the formation and extent of
ischemic lesion and brain edema. Accordingly, we examined the ex-
pression levels of glutamine synthetase (GS) and membrane protein
aquaporin-4 (AQP4), two key markers that are predominantly ex-
pressed in astrocytes (Fig. 6). GS immunostaining signals were detected
at both somas and processes of astrocytes in both striatum and cortex.
GS expression level after HI was significantly increased in WT mice
pretreated with Ginseng or DMF, which was absent in Nrf2 mice, while
Nrf2 deficiency significantly reduced the sharp growth of GS. Pre-
treatment with Ginseng or DMF significantly protected against the
sharp decline of AQP4 expression level triggered by HI in WT mice, but
not in Nrf2-/- mice. No significant difference was detected between
Ginseng and DMF pretreated groups. These results supported the im-
portant role of Nrf2 pathway in the functional regulation of glutamate
metabolism and water homeostasis in the context of ischemia following
HI, which may contribute to the neuroprotection of pretreatment with
Ginseng or DMF.

Fig. 4. Pretreatment with Ginseng or DMF protects against neuroinflammation, but not in Nrf2-/- mice. The effect of pretreatment with Ginseng or DMF on
neuroinflammation following HI was examined by measuring the mRNA levels of inflammatory mediators iNOS, IL-1β and IL-10 in peri-infarct regions of striatum
and cortex at 24 h after HI (n=4 per group). Compared to sham controls, ischemic injury evoked significant increase in above markers. Pretreatment with Ginseng or
DMF significantly suppressed the expression of pro-inflammatory mediator iNOS and IL-1β and promoted anti-inflammatory IL-10 expression following HI in WT, but
not Nrf2-/- mice. In contrast, Nrf2 deficiency exacerbated the neuroinflammation induced by HI indicated by the increase of iNOS and IL-1β and decreased IL-10 at
mRNA levels in both brain regions. *P < 0.05, **P < 0.01, #P < 0.05.
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3.6. Pretreatment with Ginseng or DMF identically confers significant
neuroprotection against the early phase of ischemic damage, whereas loss of
Nrf2 reduces such protection

To further determine whether Nrf2 pathway plays crucial role in

ischemia onset following HI and whether pretreatment with Ginseng or
DMF could confer neuroprotection at the early phase of ischemic da-
mage, we investigated the stroke outcome at 6 h after HI (Fig. 7).
Compared to WT controls, ischemia-induced neurological deficits score
were significantly ameliorated in WT mice pretreated with Ginseng or

Fig. 5. The reactive gliosis in astrocyte and microglia in the acute phase of ischemic injury following HI is attenuated by pretreatment with Ginseng or DMF in an
Nrf2-dependent manner. Representative images of GFAP positive astrocyte (A, scare bar: 100 µm) and Iba1 positive microglia (B, scare bar: 50 µm) in the ipsilateral
cortex and striatum of mice at 24 h after HI; and open squares in top left image indicate the peri-infarct areas of striatum and cortex used for micrographic
examination. (B and C) Quantifications of the total number of GFAP positive cells of A. (E and F) Quantifications of Iba1 signals area of B. In both genotypes (A, C and
D), acute ischemic insult evoked astrocytic activation and proliferation, indicated by the increased number of reactive astrocytes with hypertrophic somas and highly
stained processes. Apparently, much less degenerated reactive astrocytes with breakdown cell bodies were detected in Ginseng- or DMF- pretreated ischemic WT, but
not Nrf2-/-, mice compared to corresponding controls. Meanwhile, pretreatment with Ginseng or DMF significantly protected against the decline in the total number
of GFAP positive cells in WT mice, but not Nrf2-/- mice. In contrast, Nrf2 deficiency exacerbated the decline of reactive astrocytes compared to WT controls. In both
WT and Nrf2-/- mice (B, E and F), acute ischemic insult triggered significant activation of microglia characterized by hypertrophic soma with thickened and retracted
processes, while, interestingly, the Iba1 expression level displayed a tendency of decline in Nrf2-/- mice compared to WT controls. Pretreatment with Ginseng or DMF
significantly reduced the Iba1positive signals in WT mice, but not Nrf2-/- mice. These results support that the pretreatment with Ginseng or DMF attenuated the
deteriorative progression of reactive gliosis in astrocytes and microglia in an Nrf2-dependent fashion. n= 4–6 per group. *P < 0.05, **P < 0.01, #P < 0.05.
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DMF, while significantly exacerbated in Nrf2-/- mice. Pretreatment with
Ginseng or DMF significantly reduced infarct volume (infarct volume:
4.23 ± 0.39% vs 0.67 ± 0.05% or 0.74 ± 0.07%, P < 0.001) and
brain edema (brain edema: 5.83 ± 0.41% vs 0.63 ± 0.11% or
0.86 ± 0.06%, P < 0.001), indicated by cresyl violet staining, in WT
mice, but not in Nrf2-/- mice (infarct volume: 14.77 ± 1.05% vs
11.57 ± 1.33% or 10.34 ± 1.61%, P < 0.01; brain edema:
12.34 ± 1.29% vs 9.67 ± 0.95% or 10.39 ± 0.82%, P < 0.05). In
contrast, Nrf2 deficiency exacerbated above ischemic outcomes. To

confirm the findings in brain lesion, we further quantified the intensity
of cresyl violet positive cells in ischemic core area. As shown in Fig. 7B,
at the initial phase of ischemic injury, the intensity of residual cresyl
violet positive cells at indicated site appeared to be significantly higher
in WT mice pretreated with Ginseng or DMF. However, in contrast,
these neuroprotective effects of pretreatment with Ginseng or DMF
were not detected in Nrf2-/- mice. No significant difference was de-
tected between Ginseng and DMF pretreated groups. These findings
supported the important role of Nrf2 activation in the ischemia

Fig. 6. The dysfunction of glutamate metabolism and water homeostasis triggered by HI is affected by pretreatment with Ginseng or DMF in an Nrf2-dependent
manner. The representative images of GS (A) and AQP4 (B) in the ipsilateral striatum and cortex of mice at 24 h after HI; and open squares in top left image indicate
the peri-infarct areas of striatum and cortex used for micrographic examination. Scare bar: 50 µm. Quantifications of GS signals (C and D) of A and AQP4 signals (C
and D) of B. In both brain regions (A, C and D), GS immunostaining signals were detected at both somas and processes of astrocytes. In response to acute ischemic
insult, GS expression level was significantly increased in WT, but not in Nrf2 mice pretreated with Ginseng or DMF, while Nr2 deficiency significantly reduced the
sharp grow of GS expression. In both genotypes (B, E and F), acute ischemic insult triggered significant reduction in AQP4 expression, which is more severe in Nrf2-/-

mice. In ischemic WT, but not Nrf2-/-, mice pretreated with Ginseng or DMF, AQP4 expression level was significantly higher than that of corresponding controls.
n= 4–6 per group. *P < 0.05, **P < 0.01, #P < 0.05.
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pathogenesis that might contribute to the identical neuroprotections of
pretreatment with Ginseng or DMF at ischemia onset under HI.

3.7. The early phase of reactive gliosis following HI onset is remarkably
attenuated by pretreatment with either Ginseng or DMF in an Nrf2-
dependent manner

To determine whether the neuroprotective roles of Nrf2 pathway
and pretreatment with Ginseng or DMF in the deterioration of acute
ischemic damage are correlated with the temporal reactive gliosis
progression, we also examined the early phase of reactive gliosis in
peri-infarct regions of striatum and cortex by GFAP and Iba1 im-
munostainings at 6 h after HI (Fig. 8). Initial ischemic insult rapidly
evoked astrocytic activation and proliferation in both genotypes, in-
dicated by the increases of overall GFAP signals and the total number of

reactive astrocytes, which were more obvious in WT mice. Pretreatment
with Ginseng or DMF significantly attenuated the extent of astrocytic
activation in WT mice, indicated by reduced GFAP signals without af-
fecting the total number of astrocytes, but not in Nrf2-/- mice. In both
genotypes, initial ischemic insult quickly evoked microglia activation,
which was more evident in Nrf2-/- mice. Pretreatment with Ginseng or
DMF significantly attenuated microglial activation process in WT mice,
indicated by reduced Iba1 signals, but not in Nrf2-/- mice. No significant
difference was detected between Ginseng and DMF pretreated groups.
These data confirmed the key role of Nrf2 pathway and the neuropro-
tective effects of pretreatment with either Ginseng or DMF on reactive
gliosis in astrocytes and microglia in the early phase of ischemia fol-
lowing HI. This temporal pattern of reactive gliosis process is consistent
well with the aggravation of brain damage in the acute phase of
ischemia following HI.

Fig. 7. Pretreatment with Ginseng or DMF apparently prevents the early deterioration of brain damage following HI onset which is reduced under Nrf2 deficiency.
Following HI onset, quantitative analyses of neurological deficits score (A), infarct volume (B and C), brain edema (D) and the intensity of cresyl violet positive cells
(E) were performed in mice at 6 h after injury. (A) Neurological deficits scoring, where a lower value indicates a better function (n= 16–21 per group). (B)
Representative images of cresyl violet stained brain slices (n=4–6 per group). (C, D and E) Quantitative analyses of infarct volume, brain edema and the intensity of
cresyl violet positive cells (n=4–6 per group). The neurological deficits score, infarct volume, brain edema, and the intensity of residual brain cells in ischemic core
indicated by cresyl violet staining were significantly reduced in post-ischemia WT, but not Nrf2-/-, mice pretreated with Ginseng or DMF, while Nrf2 deficiency
exacerbated these stroke outcomes compared to WT controls. *P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.05.
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Fig. 8. The early phase of reactive gliosis following HI onset is attenuated by pretreatment with Ginseng or DMF in an Nrf2-dependent manner. Representative
images of GFAP positive astrocyte (A) and Iba1 positive microglia (B) in the ipsilateral cortex and striatum of mice at 6 h after HI; and open squares in top left image
indicate the peri-infarct areas of striatum and cortex used for micrographic examination. Scare bar: 50 µm. Quantifications of the GFAP signals (C and D) and the total
number of GFAP positive cells in (E and F) of A. Quantifications of Iba1 signals area (G and H) of B. In both genotypes (A, C, D, E and F), initial ischemic insult evoked
astrocytic activation and proliferation, indicated by the increases of overall GFAP signals and the total number of reactive astrocytes, which was more obvious in WT
mice. Pretreatment with Ginseng or DMF significantly attenuated the extent of astrocytic activation in WT mice, indicated by reduced GFAP signals without
influencing the total number of astrocytes, but not in Nrf2-/- mice. Pretreatment with Ginseng or DMF significantly attenuated microglial activation in WT mice,
indicated by reduced Iba1 signals, but not in Nrf2-/- mice. In contrast, Nrf2-/- mice exhibited significant higher level of Iba1 signals in ischemic striatum but not cortex
compared to WT controls. n= 4–6 per group. *P < 0.05, **P < 0.01, #P < 0.05.
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3.8. The early phase of abnormal glutamate metabolism and disturbed
water homeostasis following HI onset are affected by pretreatment with
Ginseng or DMF in an Nrf2-dependent manner

Likewise, we examined the expression levels of GS and AQP4 by

immunostainings homeostasis in peri-infarct regions of striatum and
cortex at 6 h after HI (Fig. 9). In both genotypes, the initial ischemic
insult rapidly led to significant increases of GS and AQP4 expression
levels in both brain regions except AQP4 in ischemic striatum. Inter-
estingly, compared with WT controls, Nrf2 deficiency led to significant

Fig. 9. The abnormality of glutamate metabolism and disturbed water homeostasis in the early phase of ischemic injury following HI onset are affected by pre-
treatment with Ginseng or DMF in an Nrf2-dependent manner. The representative images of GS (A) and AQP4 (B) in the ipsilateral striatum and cortex of mice at 24 h
after HI; and open squares in top left image indicate the peri-infarct areas of striatum and cortex used for micrographic examination. Scare bar: 50 µm.
Quantifications of GS signals (C and D) of A and AQP4 signals (E and F) of B. In the initial phase of ischemic injury, pretreatment with Ginseng or DMF significantly
attenuated the rapid increase of GS and AQP4 expressions in both brain regions in WT mice, but not in Nrf2-/- mice. In contrast, Nrf2 deficiency displayed significant
lower expression levels in GS and AQP4 signals compared to WT controls. Interestingly, in response to initial ischemic insult, Nrf2-/- mice underwent quick decline in
AQP4 expression in striatum but not cortex compared to WT controls. n= 4–6 per group. *P < 0.05, **P < 0.01, #P < 0.05, ###P < 0.001.
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decline of AQP4 in striatum, but not in cortex, highlighting the crucial
role of Nrf2 on the dynamic regulation of water homeostasis in HI
context. Both GS and AQP4 immunostaining signals were significantly
attenuated in WT, but not Nrf2-/-, mice pretreated with Ginseng or
DMF. No significant difference was detected between Ginseng and DMF
pretreated groups. These results further supported the role of Nrf2 ac-
tivation on astrocytic dysfunctions in affecting glutamate metabolism
and water homeostasis in the initial phase of ischemia following HI, and
this Nrf2-dependent neuroprotection might contribute to the beneficial
effect of either Ginseng or DMF.

3.9. Pretreatment with Ginseng or DMF identically displays long-lasting
neuroprotective efficacy against ischemic injury, but failed under Nrf2
deficiency

Next, we asked whether such Nrf2-dependent neuroprotective effect
by pretreatment with Ginseng or DMF could extend to late phase of
cerebral ischemia over 7 days after HI (Figs. 10 and 11). Long-term
functional assessment is a key component for testing the efficacy of
potential therapeutics in translational stroke researches. As shown in
Fig. 10, no significant difference in the locomotor activity was detected
among groups on day 3 and 7, except that pretreatment with Ginseng
significantly improved the locomotor activity in post-ischemia WT
mice. On both day 3 and 7, pretreatment with Ginseng or DMF pro-
tected against the neurological deficits score in WT mice, but failed in
Nrf2-/- mice. The sensorimotor deficit on day 7, revealed by the

percentages of total left forelimb use and the first contact events with
both forelimbs in cylinder test, was significantly recovered in WT, but
not Nrf2-/-, mice pretreated with Ginseng or DMF. Additionally, on day
3 after HI, most post-ischemia mice could not behave well to carry out
the cylinder test. Meanwhile, as shown in Fig. 11, compared to WT
control, infarct volume and brain edema were dramatically reduced 7
days after HI in WT mice pretreated with Ginseng or DMF, but not in
Nrf2-/- mice, while Nrf2 deficiency led to significant worse condition.
No significant difference was detected between Ginseng and DMF pre-
treated groups, except that Ginseng but not DMF improvemed post-
ischemia locomotor activity on day 3 after HI. These findings indicated
the long-lasting Nrf2-dependent neuroprotective efficacy by pretreat-
ment with either Ginseng or DMF against ischemic injury under HI and
supported the critical role of Nrf2 in long-term neuroprotection in the
context of HI.

4. Discussion

Endogenous neuroprotective mechanism by which the brain pre-
vents itself from noxious stimuli and promotes recovery from severe
ischemic damage is the focus of stroke research, ultimately facilitating
functional recovery [3]. In the present study, we observed upregulated
expression of Nrf2 signal profile at mRNA or protein levels in ischemic
brain regions of mice after HI, indicating the involvement of Nrf2
pathway in ischemic injury. Our study is the first to demonstrate that
pretreatment with Ginseng or DMF confers robust and prolonged

Fig. 10. Pretreatment with Ginseng or DMF improves the neurobehavioral outcomes over 7 days after HI, but not under Nrf2 deficiency. Neurological deficits score
(A and C) and locomotor activity (B and D) were performed at 3 and 7 days after HI). Pretreatment with Ginseng or DMF ameliorated neurological deficits score at 3
and 7 days after HI in WT mice, but not in Nrf2-/- mice, whereas Nrf2 deficiency exacerbated neurological deficits score at 7 days after HI. There was no significance
in locomotor activity among groups except that pretreatment with Ginseng significantly improved the locomotor activity in WT mice at 7 days after HI. Pretreatment
with Ginseng or DMF ameliorated sensorimotor deficits at 3 and 7 days after HI in WT mice, but not in Nrf2-/- mice, revealed by cylinder test. n= 7–11 per group for
3 days, n= 7–10 per group for 7 days. *P < 0.05, #P < 0.05.
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neuroprotective efficacy against ischemia outcome indicated by sig-
nificantly reduced neurological deficits score including sensorimotor
dysfunction, infarct volume and brain edema at both early and late
phases of ischemia after HI in WT mice, but not Nrf2-/- mice; suggesting
the potential involvement of Nrf2 pathway during the neuroprotection
process. Pretreatment with Ginseng or DMF significantly reduced
ischemia triggered oxidative and pro-inflammatory markers after HI
and improved Nrf2 targets expression levels and anti-inflammation
marker, but not under Nrf2 deficiency, strongly supporting the crucial
role of Nrf2 activation in this protection. The deteriorative progression
of spatiotemporal reactive gliosis in astrocytes and microglia, including
astrocytic dysfunction for affecting glutamate metabolism and water
homeostasis, was significantly attenuated by pretreatment with Ginseng
or DMF in WT mice, but not in Nrf2-/- mice, indicating the contribution
of reactive gliosis in the neuroprotection by pretreatment with Ginseng
or DMF in an Nrf2-dependent fashion. No significant difference was

detected in above measures between Ginseng and DMF pretreated
groups, indicating their identical efficacy on HI brain damage at in-
dicated dose. In addition, compared to vehicle pretreated WT mice,
Nrf2 deficiency exacerbated the ischemia outcome, oxidative and in-
flammatory damage, and the deteriorative progression of reactive
gliosis after HI, further highlighting the crucial roles of Nrf2 in neuro-
protection and reactive gliosis process in HI context. Taken together,
these findings suggested that Nrf2 activation may contribute to the
neuroprotection of pretreatment with Ginseng or DMF against ischemia
injury after HI through attenuating reactive gliosis progression.

4.1. Pretreatment with Ginseng or DMF elicits robust and prolonged
neuroprotective efficacy against ischemic damage in an Nrf2-dependent
manner

Compared with the irreversible tissues damage in the ischemic core,

Fig. 11. Pretreatment with Ginseng or DMF improves late phase of ischemic brain damage after HI, but not under Nrf2 deficiency. Quantitative analysis of infarct
volume (A) and brain edema (B) by cresyl violet staining was performed in mice 7 days after HI (n= 5–7 per group). (C) Representative images of cresyl violet
stained brain slices (n= 6–9 per group). Pretreatment with Ginseng or DMF significantly improved the late phase of ischemic brain damage in WT mice, but not in
Nrf2-/- mice. Compared to WT controls, Nrf2 deficiency significantly exacerbated the ischemic brain damage. *P < 0.05, #P < 0.05.
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the penumbral tissues are viable and salvageable, including ischemic
areas that could spontaneously recover or progress to irreversible al-
ternation without effective intervention [44,45]. As such, the salvage-
able tissues are one primary target for preventive treatment. Currently,
the neuroprotective effects of pretreatment with Ginseng or DMF
against ischemic brain injury following HI have not been reported and
compared. Recently, more attention has been focused on the pharma-
cological properties of Ginseng that can not only scavenge excessive
free radicals but also mobilize endogenous protective mechanism, like
cellular antioxidant capacity by inducing de novo synthesis of anti-
oxidant enzymes, thus potentially preventing from subsequent severe
damage. Our recent report showed the potent neuroprotection of Gin-
seng on permanent ischemic stroke model mice, and this motivated us
to test its neuroprotective property in another ischemic stroke mouse
model [38]. DMF has been reported to be a most successful Nrf2 in-
ducer by up-regulating the transcriptional Nrf2 downstream genes in
brain, indicating its potentials for future therapeutic intervention [46].
Brain injury and functional impairment caused by cerebral ischemia is
the end result of complex pathophysiological events, interacting be-
tween endogenous protective mechanisms and ischemic noxious cas-
cade [47]. Most studies have shown that beneficial effects of Ginseng
were achieved by pretreatment. Pretreatment with Ginseng or DMF is
likely to mobilize antioxidant constituents, alleviate the intracellular
concentration of bioactive compounds and elicit a cascade involving
boosting intrinsic endogenous neuroprotection, ultimately improve
stroke outcome as preventive treatment against a subsequent longer
period of ischemic damage. We have opted for pretreatment for nu-
merous reasons, principally to reduce possible confounding factors of
Ginseng or DMF's direct antioxidant properties. Our goal is to demon-
strate that whether pretreatment with Ginseng or DMF can strengthen
the resistance to ischemic brain injury and whether they could display
any difference in putative neuroprotection. Accordingly, we expanded
our study in both acute and late phases of ischemia, assessed multiple
stroke outcomes at 6 h, 24 h, 3 days and 7 days after HI. Our data most
consistently demonstrated that oral administration of either Ginseng or
DMF, at clinically relevant dose, for 7 days before ischemia displayed
identical neuroprotective efficacy. Such pretreatments similarly pre-
vented brain from the very early-phase of neuronal loss and brain
edema, reduced deteriorative progression and promoted gradual re-
covery, along with the sustained improvement of neurological function
including sensorimotor function. Further investigations are needed to
test their dose-dependent efficacy. Demonstration of the neuroprotec-
tion in early and late phases of ischemic damage is critical for trans-
lating our finding to human studies. It is also noted here that oral intake
of Ginseng or DMF is quite safe, uncostly and convenient. In particular,
above neuroprotection appeared to be Nrf2-dependent, as the post-
stroke outcomes up to 7 days after HI did not differ significantly among
Nrf2-/- mice groups.

4.2. The Nrf2 pathway constitutes the neuroprotective mechanisms by
pretreatment with either Ginseng or DMF

With regard to the molecular mechanisms underlying the beneficial
effect of pretreatment with Ginseng or DMF, our study supported in-
duction of Nrf2 downstream antioxidant target genes as mediators for
its neuroprotective effects and functional benefits. Nrf2 is a pleiotropic
transcription factor and a master regulator of redox homeostasis and
inflammation by inducing the expression of various cytoprotective and
detoxification genes encoding for phase II defense enzymes and anti-
oxidant stress proteins. Given the central role of Nrf2-mediated gene
regulation in response to damage of cellular components in basal and
pathological conditions, we and others [5,10,38] have presented that
Nrf2 may represent an excellent therapeutic and inventive target for
neurological disorders including cerebral ischemia. In accordance with
this assumption, we observed the high expression of Nrf2 signals in
acute phase of ischemia under HI. To confirm the functional importance

of Nrf2 activation in such protection, we further revealed that pre-
treatment with Ginseng or DMF prevented the brain from oxidative
damage with strong enhancement of Nrf2 and its target genes NQO1,
HO1, SOD2 and Gpx1 at mRNA or protein levels. Likely the upregula-
tion of these Nrf2 target antioxidant genes benefited the stroke out-
come. As the target genes of Nrf2, NQO1, HO1, SOD2 and Gpx1 have
demonstrated cytoprotective capacities in various neurological condi-
tions [8]. For example, HO1 is particularly important in the neuro-
protection against cerebral ischemia, by the fact that HO1 over-
expression mice exhibited reduced infarcts [48], and by the finding that
HO1-/- mice displayed exacerbated infarcts [49]. In addition, pretreat-
ment reduced expression of pro-inflammatory factor iNOS and IL-1β
and increased the expression of anti-inflammatory IL-10. More im-
portantly, the changes of above Nrf2 downstream markers and in-
flammatory factors by pretreatment with Ginseng or DMF could not be
detected under Nrf2 deficiency. In addition, either Ginseng or DMF
pretreatment showed similar effect on above marker at indicated dose.
All of these features strongly support the substantial role of Nrf2
pathway in such neuroprotective mechanisms. Further investigation
will be needed to precisely define their roles in this process. For in-
stance, it remains to be determined whether the interaction of Nrf2 with
Keap1 in the cytoplasm, Nrf2 nuclear translocation and DNA binding
will be changed by pretreatment with Ginseng or DMF after HI. Ad-
ditionally, the measurement of pro- and anti-inflammatory markers like
TNF-α, IL-6 will be valuable for further confirmation.

4.3. Reactive gliosis is implicated in the Nrf2-dependent neuroprotection by
pretreatment with Ginseng or DMF

Although studies have reported the crucial roles of glia cells espe-
cially astrocytes and microglia in the pathogenesis of CNS injury and
neuroprotection, little is known about their functional importance, as-
sociated with Nrf2 pathway, in HI context and whether this process
contributes to the neuroprotection by pretreatment with Ginseng or
DMF. Glia cells play crucial roles in maintaining brain homeostasis,
such as synaptic transmission regulation, energy metabolism, extra-
cellular glutamate level control, potassium buffering, interstitial vo-
lume regulation, and the intrinsic protection, in many CNS disorders
including cerebral ischemia [50]. Cerebral ischemia evokes acute-phase
cellular injury to brain damage within minutes to hours (like neuronal
death) and late phase brain damage that progresses in days after is-
chemic insult [44]. In response to multiple CNS injuries or diseases,
they act as reactive gliosis and display cellular hypertrophy, prolifera-
tion and migration. Nrf2 target genes were reported to be preferentially
activated in glia cells that consequently have higher level of antioxidant
defense and detoxification than neurons [43]. As such, we examined
whether the spatiotemporal pattern of reactive gliosis progression could
be correlated with the Nrf2-mediated neuroprotection of pretreatment
with Ginseng or DMF. Nrf2-mediated neuroprotection by pretreatment
with Ginseng or DMF attenuated, during the initial ischemic neuronal
loss and the formation of infarct process, the deterioration progression
of reactive gliosis in astrocytes and microglia in the peri-infarct regions
that conferred protective efficacy against ischemic insult. These bene-
fits exhibited neuroprotective roles against immediate and long-term
neurological deficits score after HI. Recent studies indicated that the
increase in microglia density in response to CNS injury correlated with
both the extension of endogenous resident microglia and the active
recruitment of microglia progenitors from the blood [23,51,52]. No-
tably, at very early phase of ischemia onset like 6 h, the neuroprotection
drove microgliosis (microglia activation), exhibited by the expansion of
microglia mainly resulted from the local existing resident microglia
[53]. Along with microglia, astrocytes border functional barrier that
restrict inflammatory cells entering into CNS parenchyma in health and
diseases [21,54,55].

Astrocytes transport more than vast majority of extracellular glu-
tamates by glutamate-glutamine shuttle, a major effect that causes
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exudative stress, and account for most of the excitatory synaptic ac-
tivity [2,17]. ATP-dependent enzyme GS, exclusively distributed in
astrocytes and maintaining the glutamate-glutamine cycle, is particu-
larly sensitive to the free radicals generated during ischemic stroke
[56]. AQP4, the most abundant water channel in the brain, is enriched
in the perisynaptic and perivascular astrocytic endfeet, demonstrating
key roles in water homeostasis in CNS [57–59]. AQP4 is up-regulated in
the peri-infarct border of cerebral ischemia; and AQP4-/- mice exhibit
significantly reduced brain edema and improved stroke outcome, re-
vealing the conserved AQP4 level may attenuate edema formation that
tightly contributes to infarct formation and recovery. The initiation of
astrocyte swelling possibly results from the osmotic overload triggered
by enhanced levels of glutamate and potassium ion. Consequently, ac-
tivation of water influx through AQP4 causes a dramatic astrocytic
swelling that eventually leads to a variety of second injury [57,60–62].
Our study showed that pretreatment with Ginseng or DMF delayed the
rapid increase at earlier phase and protected against the sharp decline
at the later phase of acute ischemia after HI in GS and AQP4 expres-
sions. The coordinated regulation of AQP4 in neuroprotection may
compensate to reduce the intracellular hyperosmotic pressure initiated
by impaired astrocytic function of glutamate clearance. Importantly,
above findings were absent under Nrf2 deficiency. Interestingly, ac-
cording to the time frame of measurements, we observed a comparably
faster deteriorative progression in striatum than that in cortex, which
might be related to the distance to the ischemic core. Further study is
needed to provide more details of Nrf2 mechanism on astrocytic dys-
function under HI and intrinsic neuroprotection. Consistent with pre-
vious reports, these findings revealed that pretreatment with Ginseng or
DMF attenuated the deteriorative disruption of microglia activation,
astrocytic structural integrity and astrocytic dysfunctions including
glutamate clearance and water transport [63,64]. Either Ginseng or
DMF showed similar effect on reactive gliosis. Together, our data sug-
gested that attenuated spatiotemporal reactive gliosis plays a pivotal
role in the neuroprotection of pretreatment with either Ginseng or DMF
at indicated dose in an Nrf2-dependent fashion.

4.4. The Nrf2-mediated neuroprotection during cerebral ischemia initiation,
progression and repair under HI is well revealed

Meanwhile, although Nrf2 has implied cytoprotective roles in
multiple neurological diseases, supporting in vivo evidence is still lack
in the context of ischemia under HI. To further address the question on
the functional importance of Nrf2 activation on ischemia, we examined
the stroke outcomes in WT and Nrf2-/- mice. Nrf2-/- mice provided a
great transgenic loss-of-function model that display greater suscept-
ibility to ischemic injury at both early and late phases after HI.
Consistent with above findings, loss of Nrf2 exacerbated ischemia-in-
duced neurological deficits score, infarct volume and brain edema at
different phases of ischemia, as well as the reduction of antioxidant and
anti-inflammation capacity. Reactive gliosis appeared to essentially
participate in this Nrf2-dependent process. Considering the prominent
preferential distribution and critical protective roles of Nrf2 target cy-
toprotective genes in glia cells, the data highlighted the plausible im-
portance of reactive gliosis in Nrf2-mediated neuroprotection against
ischemia. These findings enrich our understanding of the action me-
chanism of Nrf2 in neuroprotection. The proof-of-principle experiments
with Nrf2 deficiency mice revealed the crucial neuroprotective role of
Nrf2 mechanism during cerebral ischemia initiation, progression and
repair. The contribution of reactive gliosis to this Nrf2-dependent
neuroprotection may provide a key to the deeper understanding of the
cellular basis of Nrf2-mediated endogenous neuroprotective system,
further supporting our hypothesis. It should be pointed out that in-
vestigation of glial Nrf2 signals is needed to further determine whether
glial Nrf2 predominately contributes to Nrf2-mediated protection.

One limitation of our study that should be mentioned is that we did
not complete a detailed time curve looking at the specific nuclear Nrf2

translocation. This could have also helped to clarify which specific
brain cells are most responsive to Ginseng/DMF treatment. Being aware
of the selectivity/specificity issues with the commercially available
mouse Nrf2 antibodies [40,41], we have opted to look at the down-
stream Phase II proteins. We are working to develop more adequate
anti-Nrf2 antibodies and the results are pending. Furthermore, future
plans are to perform brain cell specific purification that would also
further assist us in the quest to identify the unique Nrf2-dependent
activated cellular pathway following Ginseng/Nrf2 treatment.

In summary, we presented that pretreatment with Ginseng or DMF
could confer robust and long-lasting endogenous cellular neuroprotec-
tive efficacy in the context of cerebral ischemia after HI by Nrf2 me-
chanisms involving anti-oxidative and anti-inflammatory response and
the attenuation of reactive gliosis in astrocyte and microglia. Either
Ginseng or DMF implied identical preventive efficacy and
Nrf2–dependent mechanisms at the given dose. Using transgenic Nrf2-/-

mouse model, we also provided evidences highlighting the critical role
of Nrf2 pathway in ischemia under HI, enriching our acknowledgement
of the natural properties of Nrf2 in endogenous protective system in
healthy and neurological conditions that may open a new window to
utilize these endogenous neuroprotection mechanisms in neurological
diseases including ischemia. These findings indicated that oral con-
sumption with Ginseng or DMF potentially have similar benefit in high
risk population or recurrent cerebral ischemia patients. Further un-
derstanding of the roles of respective cellular Nrf2 in cerebral ischemia
may contribute to the future development of effective therapeutic and
preventive approaches in ischemia-associated brain diseases.
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