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Editorial
Mechanisms of Cell Damage in Neurological Diseases and Putative
Neuroprotective Strategies
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The pathophysiology of neurological disorders often involves
deleterious changes in cellular homeostasis. For example,
several diseases including Alzheimer’s, Parkinson’s, Hun-
tington’s, acquired immunodeficiency syndrome- (AIDS-)
dementia complex, or hepatic encephalopathy can compro-
mise cellular functions through excitotoxicity, cytoplasmic
Ca2+ overload, overproduction of reactive oxygen and nitro-
gen species, and overall energy failure and inflammation.
Alterations in cellular energy levels, redox balance, and
Ca2+ levels are also known to reduce the protein folding
capacity of the endoplasmic reticulum. This in turn leads
to the accumulation and aggregation of unfolded proteins,
a condition known as endoplasmic reticulum stress. All
these cellular events result in different types of regulated cell
death in the cerebral tissue. The pathophysiological mecha-
nisms that lead to neuronal injury in neurological disorders
are complex and multifactorial. Consequently, the develop-
ment of preclinical testing strategies to study these mecha-
nisms is relevant in order to find new therapeutic targets
for the treatment of these debilitating diseases.

The study of different neuroprotective mechanisms in
different cerebral damage models, both in vivo and in vitro,
is a very active area of research. This special issue includes
state-of-the-art models of cerebral ischemia, in vitro primary
cerebellar granule neurons, traumatic brain injury and spinal
cord ischemia-reperfusion to explore neuroprotective strate-
gies and compounds. The original research and review arti-
cles in this issue describe pathophysiological mechanisms
involved in the cellular response to damage such as the role
of autophagy, apoptosis, NADPH oxidase inhibition,

oxidative stress, anti-inflammatory activity, and mitochon-
drial metabolism. The role of astrocytes and microglia in
neuroprotection is also discussed.

Autophagy is involved in the breakdown of damaged
organelles and misfolded proteins via a stress-induced cata-
bolic pathway to maintain the cellular homeostasis. However,
it does not always result in cell survival. In spinal cord
ischemia-reperfusion (SCIR), autophagy is upregulated; but
whether it plays a protective or a neurodegenerative role is
controversial. In this special issue, L. Xie et al. report that oxi-
dative stress is the main trigger of autophagic cell death dur-
ing SCIR injury. They also show that hydrogen sulfide
treatment exerts a neuroprotective effect by reducing oxida-
tive stress. These data suggest a potential application of
hydrogen sulfide in the SCIR damage. On the other hand,
C. Cui et al. using the active metabolite of vitamin D, calci-
triol, in a traumatic brain injury model, also report neuropro-
tective effects. They describe that the protection of calcitriol
occurs through the downregulation of NADPH oxidase, acti-
vation of vitamin D receptor expression, and the suppression
of apoptosis in the CA1 region of the hippocampus.

The understanding of the pathogenesis of stroke has
shown dramatic advances; however, clinical trials have
resulted in negative results after evaluating numerous prom-
ising compounds. Thus, the active search for new com-
pounds continues, and new agents are assayed. In this issue,
Z. Wang et al. designed and synthesized novel twin com-
pounds containing tetramethylpyrazine and carnitine sub-
structures. They found that LR134 and LR143 compounds
induced important neuroprotection by reducing cerebral
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infarct and edema, while improving the neurological func-
tion and the blood-brain barrier integrity after cerebral ische-
mia/reperfusion injury. The protective effect observed was
associated with a reduced inflammatory response and a
decrease in NADPH oxidase-mediated oxidative stress. They
also report an improvement of energy supply. Their data sug-
gest that these chemical structures may represent an innova-
tive therapeutic strategy for patients with stroke.

Cerebral ischemia triggers a cell-specific cascade of
events, leading to neuronal death. Neurons, astrocytes,
microglia/macrophages, neutrophils, endothelial cells, and
platelets exhibit different functional roles after brain ische-
mia/reperfusion injury, making it difficult to know the role
of each of these cell types. In this context, S. Y. Cheon et al.
present the role of apoptosis signal-regulating kinase 1
(ASK1) in different cell types suggested by preclinical studies
and the potential use of ASK suppression (pharmacologic or
genetic), as a promising therapeutic option for ischemic
stroke recovery. In addition, R. Thakkar et al. examine the
ability of 17 beta-estradiol (E2) to regulate the activation of
microglia phenotype in the hippocampus using a global
cerebral ischemia model (GCI). They show that after
GCI, E2 exerts a neuroprotective effect, promoting the
anti-inflammatory microglia phenotype in the hippocampus.

A. N. Winter et al. used primary cultures of cerebellar
granular neurons subjected to hydrogen peroxide-induced
oxidative stress to test 4-hydroxybenzoic acid (HBA) and
protocatechuic acid (PCA). They report that PCA plays a
neuroprotective role during inflammation conditions, while
HBA protects under conditions of excitotoxicity. Addition-
ally, PCA promotes anti-inflammatory activity in micro-
glial cells stimulated with lipopolysaccharide reducing nitric
oxide production.

Finally, M. A. Bylicky et al. propose that astrocytes play
critical functions for the maintenance and protection of neu-
rons under conditions of acute or chronic injury. These func-
tions rely on specialized responses under stress conditions.
Therefore, the understanding of the mechanisms used by
the astrocytes to protect the brain will allow the development
of novel therapeutic pathways to protect neurons in condi-
tions of acute injury.

The papers published in this special issue show the com-
plexity of the mechanisms involved in the pathophysiology of
neurological diseases, while highlighting the still current lim-
ited treatment options as well as the urgent need for the
development of preclinical studies to find effective therapies
against these pathologies.

Perla D. Maldonado
María Elena Chánez-Cárdenas

Arsenio Fernández-López
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Research Article
17β-Estradiol Regulates Microglia Activation and Polarization in
the Hippocampus Following Global Cerebral Ischemia
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17β-Estradiol (E2) is a well-known neuroprotective hormone, but its role in regulation of neuroinflammation is less understood.
Recently, our lab demonstrated that E2 could regulate the NLRP3 (NOD-like receptor protein 3) inflammasome pathway in the
hippocampus following global cerebral ischemia (GCI). Here, we examined the ability of E2 to regulate activation and
polarization of microglia phenotype in the hippocampus after global cerebral ischemia (GCI). Our in vivo study in young adult
ovariectomized rats showed that exogenous low-dose E2 profoundly suppressed microglia activation and quantitatively shifted
microglia from their “activated,” amoeboid morphology to a “resting,” ramified morphology after GCI. Further studies using M1
“proinflammatory” and M2 “anti-inflammatory” phenotype markers showed that E2 robustly suppressed the “proinflammatory”
M1 phenotype, while enhancing the “anti-inflammatory” M2 microglia phenotype in the hippocampus after GCI. These effects
of E2 may be mediated directly upon microglia, as E2 suppressed the M1 while enhancing the M2 microglia phenotype in
LPS- (lipopolysaccharide-) activated BV2 microglia cells in vitro. E2 also correspondingly suppressed proinflammatory while
enhancing anti-inflammatory cytokine gene expression in the LPS-treated BV2 microglia cells. Finally, E2 treatment abolished
the LPS-induced neurotoxic effects of BV2 microglia cells upon hippocampal HT-22 neurons. Collectively, our study findings
suggest a novel E2-mediated neuroprotective effect via regulation of microglia activation and promotion of the M2
“anti-inflammatory” phenotype in the brain.

1. Introduction

The steroid hormone, 17β-estradiol (E2), is known to have
multiple actions on various tissues of the body, including
the brain. A neuroprotective effect for E2 was first suggested
from studies in female gerbils, which found that females had
lower incidence and less damage following ischemic injury as
compared to males [1]. Likewise, studies using animal
models of stoke and traumatic brain injury (TBI) found
similar sex differences in brain injury, with young adult
females displaying less neuronal damage and greater survival
rates compared to young adult males [2–5]. Since then, vari-
ous studies have confirmed neuroprotective effects of E2 in
both focal cerebral ischemia and global cerebral ischemia
(CGI) models [6–8]. Subsequent studies done in humans

have also documented that women are more protected
against stroke than men, at least until the age of menopause,
when the circulating estrogen levels fall [9]. Furthermore, a
neuroprotective role for E2 has also been suggested in other
neurodegenerative disorders such as Parkinson’s disease,
Alzheimer’s disease, and multiple sclerosis [6, 10–18].

Several mechanisms have been implicated to mediate E2
neuroprotection in the brain. For instance, our group and
others have shown that E2 neuroprotection can involve
genomic signaling, nongenomic signaling, antioxidative
functions, and regulation of mitochondrial bioenergetics, as
well as anti-inflammatory actions [19–24]. The classical
estrogen receptors, ER-α and ER-β, as well as the new
putative G-protein coupled estrogen receptor 1 (GPER1),
have been implicated to mediate E2 neuroprotection in
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the brain [6, 14, 18, 25–34]. Numerous studies also impli-
cated a role for E2 neuroprotective actions in the brain by
upregulation of prosurvival factors and downregulation of
proapoptosis factors and attenuation of NADPH activity
and oxidative stress, as well as reduction of glutamate tox-
icity [12, 25, 35–38]. However, paradoxically comparatively
less is known about the anti-inflammatory role of E2 in
the brain, which could also contribute to the neuroprotec-
tive actions of E2.

Inflammation in the central nervous system involves
responses from resident immune cells, microglia, inflamma-
somes, and downstream inflammatory cytokine production
[39, 40]. Furthermore, microglia cells polarize into either an
M1 (proinflammatory) phenotype, or an M2 (more anti-
inflammatory, repair-like) phenotype [41, 42]. The polariza-
tion status of these cells can be induced by certain factors and
can be characterized by the type of M1- or M2-specific
markers expressed. For instance, “M1” microglia phenotype
can be induced in vitro by lipopolysaccharide (LPS) or
interferon-γ (IFNγ) and express destructive proinflamma-
tory factors/markers such as tumor necrosis factor alpha
(TNF-α), interleukin 1 beta (IL-1β), and inducible nitric
oxide synthase (iNOS) [43–45]. In contrast, interleukin-4
(IL-4) and IL-10 have been shown to induce the alterna-
tive “M2” phenotype that possesses neuroprotective/anti-
inflammatory/repair properties and can be characterized
by expression of key markers such as arginase-1, CD206,
chitinase 3-like 3 (Ym1), and interleukin 1 receptor antag-
onist (IL1RA) [45]. Alterations in microglial phenotype
have been suggested to play a role in multiple neurological
disorders such as focal stroke, Alzheimer’s disease (AD),
and multiple sclerosis [46–48].

Recent studies from our lab have shown that E2 can
exert anti-inflammatory effects to suppress activation of
the nod-like receptor protein 3 (NLRP3) inflammasome
pathway in the hippocampus following GCI in ovariecto-
mized rats [23]. We further showed that E2 reduces NLRP3
pathway molecules, including NLRP3, apoptosis-associated
speck-like protein containing a CARD (caspase recruitment
domain) [49], cleaved caspase 1, and IL-1β [23]. Other
studies in rodents have also confirmed E2 inhibition of
inflammasome and proinflammatory cytokines in models
of focal ischemic injury, spinal cord injury, depression,
and amyotrophic lateral sclerosis [24, 50–54]. In addition
to inflammasome regulation, E2 has also been shown to
regulate microglia activation after central nervous system
(CNS) injury and in various neurodegenerative disorders
[55–58]. Furthermore, sex and age differences in microglia
activation in mice occur after focal ischemic injury, where
young adult females had less microglia activation as com-
pared to young males [59]. A more recent study also
reported that E2, via GPER1, can regulate microglia activa-
tion and proinflammatory cytokine production after GCI
[60]. Finally, in vitro studies indicate that E2 can regulate
microglia phagocytic activity and inhibit production of pro-
inflammatory TNF-α and IL-1β after hypoxia and can
upregulate anti-inflammatory TREM2 (triggering receptor
expressed on myeloid cells 2) and IL-10 [61, 62]. While
our understanding of the anti-inflammatory effects of E2

is increasing, the field still lacks a clear understanding of
whether E2 can regulate microglia polarization and dynam-
ics in the hippocampus in vivo following GCI. To address
this deficit in our knowledge, we performed a detailed
in vivo analysis of M1, proinflammatory, and M2, anti-
inflammatory, microglia phenotype markers in the hippo-
campus following GCI and determined the regulatory effect
of E2. We also examined the changes in morphology of
microglia after GCI, with and without E2 replacement, as
this has been shown to correlate with activation status of
microglia. Furthermore, we conducted in vitro studies
utilizing the BV2 microglia cell line to more easily examine
potential direct anti-inflammatory effects of E2 upon
microglia. BV2 cells are an immortalized murine microglial
cell line frequently used to study microglial function and
potential direct effects of factors upon microglia [43, 63].
To activate BV2 microglia cells, we chose LPS, the most
widely used activator and inducer of M1 microglial pheno-
type and inflammatory actions in microglia [43]. Stimula-
tion of microglia cells with LPS is often used to mimic
aspects of CNS inflammation as it causes a rapid increase
of expression and release of proinflammatory mediators.
Furthermore, the response of BV2 microglia cells to LPS
activation has also been shown to be highly similar to
activation of primary microglia, as evidenced by gene and
protein expression profiling, as well as functional capacity
for inflammation (e.g., cytokine expression, M1 phenotype
induction, and cell to cell interaction). Thus, use of BV2
cells and LPS provided a very reproducible and robust
model for induction of M1 phenotype and an inflammatory
activation profile of BV2 microglia cells. This in vitro model
therefore allowed us to determine whether E2 could act
directly upon microglia cells to regulate microglial polariza-
tion, pro- and anti-inflammatory cytokine gene expression,
and the neurotoxic ability of activated microglia.

2. Methods

2.1. Animals and Surgical Procedures. Augusta University
Institutional Animal Care and Use Committee (IACUC)
approved all animal procedures. The studies were conducted
in accordance with National Institutes of Health guidelines
for animal research. Three-month-old young, adult, female,
Sprague Dawley rats were housed under normal conditions
in the Augusta University’s animal housing facility with
two rats per cage. There was free access to chow and water
for the rats, and lighting conditions were from 7 am to
7pm. The animals were routinely monitored before and
after the surgery. Rats were bilaterally ovariectomized under
isoflurane anesthesia and separated into four groups—
shams, estrogen (E2), global cerebral ischemia (GCI) injury,
and GCI injury with estrogen (E2) treatment groups. The
two E2 treatment group animals were immediately admin-
istered with 17β-estradiol dissolved in 20% β-cyclodextrin
added to minipumps (0.0167mg E2 in 20% β-cyclodextrin,
0.5μL/hr, 14-day release; Alzet, Cupertino, CA). The vehi-
cle used was 20% β-cyclodextrin. Pumps were placed in
the upper mid-back region to allow subcutaneous adminis-
tration of E2. Previous studies by our group have shown
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that this dose of E2 generates physiological Diestrus I levels
of circulating E2 (10–15 pg/mL) [12]. All rats, except for
sham and E2 controls, were subjected to GCI via the
4-vessel occlusion method [64] after 7 days of ovariectomy.
One day prior to occlusion, that is, 6 days after ovariectomy,
all animals were anesthetized using ketamine/xylazine
(10 : 1, 100mg/mL, 0.1mL per 100 gm of rat’s body weight
was injected intraperitoneally (IP)), their vertebral arteries
were electrocauterized, and the common carotid arteries
were exposed. Twenty-four hours later, the animals were
anesthetized using 1–4% isoflurane anesthesia, and then
the common carotid arteries were transiently occluded
with hemostatic clips for 12 minutes for all animals except
the shams. Sham and E2 control animals had their arteries
exposed but not occluded. Ischemia-reperfusion was
allowed to occur, and animals were checked for loss of
their righting reflex within 30 seconds and pupil dilation
for successful GCI. Animals were sacrificed using transcar-
dial perfusion and decapitation at 1, 3, and 7 days after GCI
(Figure 1(a)). Each group had 7 animals to begin with; there
were zero deaths in the sham group, two animals died in the
GCI group, and one animal in the GCI +E2 group. All
surgeries and experiments were repeated in triplicate.

2.2. Tissue Collection. All animals were transcardially per-
fused and decapitated at the desired time point after GCI.
Brains were dissected in the midsagital plane and fixed in
4% paraformaldehyde for 24 hours, cryoprotected in 30%
sucrose, and sectioned on a cryostat to obtain 20-micron-
thick hippocampal sections. These sections were then used
for immunofluorescence staining. For RT-PCR and Western

blot analysis, brains were collected and the hippocampal
tissue was dissected out, frozen, and processed for either
RNA isolation or homogenized for detection of proteins via
Western blot analysis.

2.3. In Vitro Cell Cultures. Figure 1(b) illustrates the experi-
mental design used for the in vitro studies utilized in our
study. BV2 microglial cells [43] were cultured in sterile RPMI
medium with 5% fetal bovine serum and 1% penicillin/strep-
tomycin antibiotic at 37°C in a 5% CO2 incubator. After the
cells were 80% confluent, they were divided into three
groups: control, LPS, and LPS+E2. The control group
received no treatment, and cells were allowed to grow in
complete medium. The LPS group received LPS treatment
(100 ng/mL) [65] for 16 hours, and the LPS+E2 group
received LPS plus 100nM E2 [55, 56] treatment for 16 hours.
The cells were then observed at 20x magnification under a
bright-field microscope, and images were analyzed for num-
ber of active cells depending on their amoeboid/rounded
shape per microscopic field. Amoeboid/rounded shape of
BV2 cells is indicative of their activated state [66]. The cells
were then harvested for RNA or protein isolation. Neurotox-
icity studies were done using the HT-22 mouse hippocampal
neuronal cell line [67]. HT-22 cells were treated with condi-
tioned media from the control, LPS, and LPS+E2 groups of
BV2 cells for 4 hours. Conditioned media were then tested
for cytotoxicity using LDH assay, and cell lysates were used
to test for apoptosis from conditioned media-treated HT-22
cells. The LDH assay was performed using the Pierce LDH
Cytotoxicity Assay Kit (Thermo Scientific, Prod number
88954), as per the manufacturer’s protocol.

OVX shams,
OVX − E2 or

OVX + E2
pumps

SacrificeGCI model

Day 0 Day 6 Days 1, 3, and 712 min
GCI

D7

3-month 
rats

RT-PCR

Western blot

Immuno-
histochemistry

(a)

Culture BV2 cells
and HT-22
separately

LPS (100 ng/mL)
+ E2 (100 nM) 80%
confluent BV2 cells

Day 0 48 hours 4 hours16 hours

Harvest BV2 cells,
conditioned

medium on HT-22

Use conditioned
media for

cytotoxicity and
harvest HT-22

RT-PCR

Western blot

Cytotoxicity

(b)

Figure 1: Experimental design used for in vivo and in vitro studies. (a) Young adult female rats were ovariectomized (OVX) at day 0, and the
E2 group was administered with E2 pumps. The four-vessel occlusion GCI model followed this at days 6 and 7. The animals were then
sacrificed at the desired time points after ischemia, and the samples were processed as needed. (b) The BV2, murine microglial cell line
and hippocampal cell line, HT-22 were cultured up to 80% confluence. The BV2 cells were treated with LPS or LPS + E2 for 16 hours and
harvested for further analyses. The conditioned media from these cells was taken and used to treat HT-22 cells for four hours. The
conditioned media were then taken for LDH assay, and the HT-22 cells were harvested for further analyses.
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2.4. RT-PCR. Hippocampal tissue samples or BV2 cells were
collected, and RNA was isolated using the SV total RNA iso-
lation system (Promega). The RNA was then used for the
reverse transcriptase PCR reaction using the Superscript III
one-step RT-PCR system with platinum Taq DNA Polymer-
ase (Invitrogen) and respective primers as listed in Table 1
for in vivo samples and Table 2 for in vitro samples (Inte-
grated DNA Technologies). The gene expression analyses
were done using the comparative ΔΔCt method. The mRNA
level changes were expressed as a fold change as compared to
the sham animals for in vivo or the control group for in vitro.
All Ct values for target genes were normalized to CypA gene
for in vivo samples [68] and 18S for in vitro samples.

2.5. Western Blot Analysis. Hippocampal tissue after GCI or
BV2 and HT-22 cells’ sample were collected as mentioned
above. Individual samples were homogenized in RIPA
buffer, the homogenates were centrifuged at 13,000 rpm
for 10 minutes at 4°C, and the supernatants were used for
protein estimation by Lowry’s Assay (Lowry’s Assay Kit,
Sigma). Thirty micrograms of protein for each sample was

separated on 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, transferred on nitrocellulose membrane,
and blocked with 5% bovine serum albumin for 1 hour at
room temperature with gentle shaking. Blocking was
followed by incubation with primary antibodies, mouse
monoclonal CD68 (Abcam, ab31630, 1 : 500), goat poly-
clonal CD206 (Santa Cruz Biotechnology, sc-34577,
1 : 100), rabbit monoclonal iNOS (Cell signaling, D6B6S,
1 : 1000), rabbit polyclonal Ym1 (StemCell Technologies,
01404, 1 : 800), IL-1β (Abcam, ab9722, 1 : 500), and rabbit
polyclonal cleaved caspase-3 (Asp175) (Cell Signaling,
9661, 1 : 1000), overnight at 4°C with gentle shaking. Glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH, Santa
Cruz Biotechnology, sc-32233, 1 : 2000) was used as a loading
control. The membrane was then washed with TBST buffer
to remove unbound primary antibody and incubated with
secondary Alexa Fluor 680 or 800 anti-rabbit/goat/mouse
IgG (1 : 4000) for 1 hour at room temperature with gentle
shaking. Blots were scanned using Odyssey Imaging System
(LI-COR Bioscience, Lincoln, NB). The intensity of bands
was quantified using ImageJ software. The immunoblot data

Table 1: Primers used for RT-PCR analysis of in vivo samples.

Gene Forward primer Reverse primer

TNF-α 5′CATCTTCTCAAAATTCGAGTGACAA 3′ 5′GGGAGTAGACAAGGTACAACCC 3′
CD68 5′CCACAGGCAGCACAGTGGACA 3′ 5′ TCCACAGCAGAAGCTTTGGCCC 3′
IL-1β 5′ CCCTGCAGCTGGAGAGTGTGG 3′ 5′ TGTGCTCTGCTTGAGAGGTGCT 3′
Arginase1 5′ TCACCTGAGCTTTGATGTCG 3′ 5′ TTCCCAAGAGTTGGGTTCAC 3′
CD206 5′ AGTTGGGTTCTCCTGTAGCCCAA 3′ 5′ACTACTACCTGAGCCCACACCTGCT 3′
Ym1 5′ ACCCCTGCCTGTGTACTCACCT 3′ 5′ CACTGAACGGGGCAGGTCCAAA 3′
CypA 5′ TATCTGCACTGCCAAGACTGAGTG 3′ 5′ CTTCTTGCTGGTCTTGCCATTCC 3′

Table 2: Primers used for RT-PCR analysis of in vitro samples.

Gene Forward primer Reverse primer

CD86 5′ GACCGTTGTGTGTGTTCTGG 3′ 5′ GATGAGCAGCATCACAAGGA 3′
iNOS 5′ CAAGCACCTTGGAAGAGGAG 3′ 5′ AAGGCCAAACACAGCATACC 3′
CD32 5′ AATCCTGCCGTTCCTACTGATC 3′ 5′ GTGTCACCGTGTCTTCCTTGAG 3′
Arginase1 5′ CAGAAGAATGGAAAGAGTCAG 3′ 5′ CAGATATGCAGGGAGTCACC 3′
CD206 5′ CAAGGAAGGTTGGCATTTGT 3′ 5′ CCTTTCAGTCCTTTGCAAGC 3′
Ym1 5′ CAGGGTAATGAGTGGGTTGG 3′ 5′ CACGGCACCTCCTAAATTGT 3′
IL-18 5′ ACCAAGTTCTCTTCGTTGAC 3′ 5′ TCACAGCCAGTCCTCTTAC 3′
IL-1β 5′ TACTGAACTTCGGGGTGATTGGTCC 3′ 5′ CAGCCTTGTCCCTTGAAGAGAACC 3′
IL-12p35 5′ CTCCTAAACCACCTCAGTTTGGCCAGGGTC 3′ 5′ TAGATGCTACCAAGGCACAGGGTCATCATC 3′
IL-4 5′ AGATGGATGTGCCAAACGTCCTCA 3′ 5′ GGATTATG ACTGCCACTGCGAC 3′
IL-13 5′ TGAGGAGCTGAGCAACATCACACA 3′ 5′ TGCGGTTACAGAGGCCATGCAATA 3′
IL-10 5′ CCAAGCCTTATCGGAAATGA 3′ 5′ TTTTCACAGGGGAGAAATCG 3′
18S 5′ AACCTGCTGGTGTGTGACGTTC 3′ 5′ CAGCACGAGGCTTTTTTGTTGT 3′
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was corrected for corresponding GAPDH values and
presented as fold change in protein as compared to the sham
animals or control group.

2.6. Immunofluorescence Staining. Twenty μm thick coronal
sections were washed with PBS and 0.4% Triton-X PBS for
20 minutes. The sections were then blocked with 10% normal
donkey serum for 1 hour at room temperature in PBS
containing 0.1% Triton X-100, followed by incubation with
primary antibody for 2 nights at 4°C in the same buffer.
Primary antibodies used for this study included mouse
monoclonal CD68 (Abcam, ab31630, 1 : 500), goat polyclonal
CD206 (Santa Cruz Biotechnology, sc-34577, 1 : 50), rabbit
monoclonal iNOS (Cell signaling, D6B6S, 1 : 400), rabbit
monoclonal IL1RA (Abcam, ab124962, 1 : 400), and goat
polyclonal Iba1 (Abcam, ab5076, 1 : 400). After primary anti-
body incubation, sections were washed for 3× 10minutes at
room temperature, followed by incubation with the appropri-
ate secondary antibody: Alexa-Fluor488/568/647 donkey
anti-rabbit/anti-mouse/anti-goat (1 : 200) (Invitrogen) RT/1
hour. Sections were then washed with PBS containing 0.1%
Triton X-100 for 3× 10min, followed by 2× 5min with 1x
PBS and briefly with distilled H2O. The sections were then
mounted with water-based mounting medium containing
antifading agents and observed using confocal microscopy.
All images were captured on a confocal laser microscope
(Carl Zeiss, Germany) using the Zen software at 40x magnifi-
cations and 50μm scale bar.

2.7. Confocal Microscopy Image Analysis. The intensity of all
confocal images was quantified using ImageJ software
(downloaded from http://www.imagej.nih.gov). Each indi-
vidual image that was quantified in ImageJ had 1024× 1024
pixel size and was subjected to a 50.0 pixel background sub-
traction for all images irrespective of the antibody and/or
group they belonged to. This confirmed consistency in anal-
ysis as well as allowed for a uniform threshold to be set for
intensity quantification. The images were then individually
analyzed for quantified amount of intensity via the “Analyze”
tool of ImageJ. The results are represented as average
intensity of all the images per group. Furthermore, for
Iba1-stained rat brain sections (Figure 2), the microglia
morphology analyses and cell counting were performed
using ImageJ. Cell area in terms of pixel square specifically
for quantitative morphology analyses was accepted as
morphology quantification criteria as per recent description
by Fernández-Arjona et al. [69]. Both counting and cell area
were determined by converting the 1024× 1024 pixel image
into 16-bit, then setting the Otsu’s method threshold, previ-
ously used by our lab for image analyses [23]. Once the
threshold was set, the exact area of each counted cell as well
as the total cell count per image was obtained using the
“analyze particles” tool. The quantification was plotted as
average number of cells per field in every group and average
area of cells per image in every group. These quantifications
further affirm the visual observations of morphology changes
as per Kreutzberg’s classification [41].

2.8. Statistical Analysis. The ANOVA tests, and/or indepen-
dent two-sample t-test, were used for testing the significance
where appropriate. Two factors were taken into consider-
ation throughout the study, a group factor (sham or E2 con-
trol, GCI and GCI+E2, or control, LPS, and LPS+E2) and
time factor (1 day, 3 days, and 7 days). Appropriate ANOVA
test was performed for group factor analyses and interac-
tions. Here, the group factor was considered as a nominal
(categorical) variable, and the protein/intensity value was
considered as a continuous variable. After confirming the
F values and p values (p < 0 05) for each ANOVA output,
post hoc test such as Bonferroni’s test was conducted to make
multiple pairwise comparisons between each of the groups.
Specific F and p values have been mentioned throughout
the Results below for further details. All tests were conducted
at a 5% level of significance (p < 0 05) using the IBM SPSS
software (version 23). Data are expressed as mean+ standard
error (SE).

3. Results

3.1. E2 Suppresses Microglia Activation and Morphology
Changes in the Hippocampus after Global Cerebral
Ischemia. Microglia, the resident immune cells of the brain,
are the first responders to any type of injury in the brain.
We therefore examined the spatial and temporal patterns of
microglia activation in the hippocampal CA1 region of
control animals (sham and E2), injured animals at days 1,
3, and 7 following GCI as well as GCI +E2 treatment
(Figure 2). As shown in Figure 2(a), visual observation
suggests that cells transform from a more ramified, thinner
process, resting stage to a more rounded, amoeboid-like-
activated stage following GCI. This observation is made with
reference to Kreutzberg’s classification [41]. Maximum acti-
vation was seen at day 7 after GCI and was not observed in
the control groups as well as in the GCI+E2-treated groups.
Moreover, the activated microglia were specifically observed
in the hippocampal CA1 region only. Next, these visual
observations in microglia activation and morphology were
quantified using the following criteria: (i) increased intensity
of Iba1 staining, as demonstrated by quantification of
confocal images in Figure 2(b) (ANOVA F value= 96.281,
p = 0 000), (ii) average microglia cell count per microscopic
field for each group (Figure 2(c)) (ANOVA F value= 18.909,
p = 0 000), and (iii) average area of cells (pixel square) for
each group (Figure 2(d)) (ANOVA F value= 17.020,
p = 0 000). Using these criteria, we found maximum activa-
tion of microglia cells in the hippocampal CA1 region at day
7 after GCI reperfusion. Furthermore, E2 treatment led to
significant suppression of microglia activation as determined
by decreased Iba1 expression, reduced cell count, and a
change in morphology like reduced amoeboid-like-activated
microglia in the GCI+E2 group, as compared to the GCI
group at 7 days after GCI (p = 0 000) (Figures 2(b)–2(d)).
This pattern is consistent with our previous findings,
where we showed maximum activation of a key inflamma-
tory pathway, NLRP3 inflammasomes, at day 7 after GCI,
and this enhanced activation was significantly suppressed
by E2 [23]. No significant suppression of microglia by
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E2 was reported at days 1 and 3 after GCI (p = 1 000)
(Figures 2(b)–2(d)). Moreover, it should also be noted that
as shown in Figures 2(b)–2(d), E2 control treatment had
no effects on microglia polarization states. E2 control
treatment without GCI showed no significant changes in
Iba1 expression, cell count, or cell area, as compared to
sham controls. These results demonstrate that E2 does
not affect basal microglia activation, but profoundly sup-
presses microglia activation in the hippocampus at 7 days
after GCI.

3.2. E2 Suppresses M1 Microglia Polarization while
Enhancing M2 Microglia Polarization in the Hippocampus
after GCI. Since microglia activation and morphological
changes were suppressed by E2 treatment after GCI, we
hypothesized that E2 treatment may result in changes in
M1 and M2 microglia polarization in the hippocampus after
GCI. Microglia cells are broadly classified into two polariza-
tion states: an M1, proinflammatory phenotype, and an M2,
anti-inflammatory phenotype. This classification depends
upon the expression of specific M1 or M2 markers at a
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Figure 2: Temporal pattern of microglia activation and morphological changes in the hippocampus after global cerebral ischemia and its
regulation by estrogen. (a) Representative confocal images show Iba1 staining of microglia cells in the hippocampal CA1 region of control
animals (sham and E2) and at days 1, 3, and 7 after global cerebral ischemia (GCI). This activation and morphological changes are
suppressed under the effect of E2 as shown in the lower panel (magnification = 40x, scale bar = 50 μm). (b) Intensity quantification of Iba1
staining of controls and at days 1, 3, and 7 with and without E2 treatment after GCI. (c) Microglia cell count of controls and at days 1, 3,
and 7 with and without E2 treatment after GCI. (d) Average cell area of controls and at days 1, 3, and 7 with and without E2 treatment
after GCI (n= 5‐6 animals per group) (#p < 0 05, controls, 1 and 3 day GCI versus 7 day GCI, ∗p < 0 05, 7 day GCI versus 7 day GCI + E2,
NS = not significant).
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defined time point after exposure to insult. We therefore next
examined the gene expression of M1 markers, TNF-α, CD68,
and IL-1β. As shown in Figures 3(a)–3(c), gene expression of
these markers showed a 2- to 8-fold increase at days 3 and 7
after GCI, as compared to the sham control group. As also
shown in Figures 3(a)–3(c), the increase in gene expression
of these M1 markers, TNF-α (3 days, p < 0 001), CD68
(3 days p = 0 001, 7 days p < 0 001), and IL-1β (3 days
p < 0 001, 7 days p = 0 004), is significantly suppressed by
E2 treatment. We next examined gene expression changes
for the M2 markers, Arginase1, CD206, and Ym1, after
GCI. As shown in Figures 3(d)–3(f), gene expression for
the M2 markers shows no increase in expression at days 3
and 7 after GCI, as compared to the sham control group.
However, E2 treatment caused a robust increase in gene
expression of M2 markers, Arginase1 (7 days p < 0 001),
CD206 (3 days p < 0 001, 7 days p < 0 001), and Ym1 (3 days
p < 0 001, 7 days p < 0 001) anti-inflammatory phenotype
markers, as compared to the GCI group.

To further confirm these changes in M1/M2 polarization
after GCI and E2 treatment, we next examined changes in the
protein expression of the M1 and M2 markers in the hippo-
campus after GCI using immunohistochemistry andWestern

blot analysis. As shown in Figure 4(a), confocal microscopy
of immunofluorescence staining of M1 markers, CD68 and
iNOS, indicated an increased expression of the M1 markers
in the hippocampal CA1 region at day 7 after injury, as com-
pared to the sham control group. Interestingly, this increase
in immunostaining for CD68 and iNOS was suppressed by
E2 treatment. Quantification of the immunohistochemistry
results is shown in Figures 4(b) and 4(c) (ANOVA: 4B
F value = 11.457, p = 0 004, 4C F value= 13.310, p = 0 002),
which confirmed a significant increase in CD68 (p = 0 019)
and iNOS (p = 0 002) immunostaining intensity levels after
GCI and a significant decrease of CD68 (p = 0 009) and iNOS
(p = 0 025) by E2 treatment. We next used Western blot
analysis to confirm the change in CD68, which showed the
highest increase after GCI. As shown in Figure 4(d) and
(4e) (ANOVA: 4E F value= 38.430, p = 0 000), Western blot
analysis confirmed a robust increase of CD68 protein levels
in the hippocampus at 7 days after GCI, as compared to the
sham control group (p = 0 000). Furthermore, E2 treatment
strongly attenuated the elevation of CD68 protein levels after
GCI (p = 0 018).

Figure 4(f) shows immunohistochemical examination of
the M2 markers, CD206 and IL1RA, in the hippocampus at 7
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Figure 3: Estrogen suppresses gene expression of M1 markers and upregulates gene expression of M2 markers in the hippocampus after
global cerebral ischemia. (a–c) mRNA samples from the hippocampus at days 3 and 7 were collected and analyzed for gene expression of
M1, proinflammatory markers, TNF-α, CD68, and IL-1β. E2 treatment significantly suppressed gene expression of these markers. (d–f)
mRNA samples from the hippocampus at days 3 and 7 were collected and analyzed for gene expression of M2, anti-inflammatory
markers, Arginase1, CD206, and Ym1. E2 treatment significantly upregulated gene expression of these markers (n= 5-6 animals per
group) (∗p < 0 05, GCI versus GCI + E2).
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days after GCI and the effect of E2 treatment. As shown in
Figure 4(f), confocal microscopy of immunofluorescence
staining for CD206 and IL1RA indicated that immuno-
staining levels for these markers were strongly elevated
by E2 treatment, as compared to the GCI group. Quan-
tification of the M2 marker immunohistochemistry results
is shown in Figures 4(g) and 4(h) (ANOVA: 4G
F value = 9.811, p = 0 029, 4H F value = 23.759, p = 0 000),
which confirmed a significant increase in CD206 (p = 0 03)

and IL1RA (p = 0 000) immunostaining intensity levels after
E2 treatment. We next used Western blot analysis to confirm
the E2 elevation of CD206, which was the highest changed
M2 marker protein by immunostaining. As shown in
Figures 4(i) and 4(j) (ANOVA: 4J F value= 11.025,
p = 0 004), Western blot analysis further confirmed that E2
induced a robust increase of CD206 (p = 0 012) protein levels
in the hippocampus after GCI. These results indicate that E2
can suppress the M1, proinflammatory microglia phenotype,
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Figure 4: Estrogen suppresses protein levels of M1 markers and upregulates protein levels of M2 markers in the hippocampus after global
cerebral ischemia. (a) Representative confocal microscopy images of M1 markers, CD68 and iNOS, in shams and GCI as well as GCI + E2
treatment groups at 7 days after GCI indicate upregulation after GCI and suppression under the effect of E2 (magnification = 40x, scale
bar = 50μm). (b, c) Quantification of intensity of confocal microscopy staining in 5A (n= 5-6 animals per group). (d, e) Western blot
analysis of classical M1 marker, CD68, in sham and GCI as well as GCI + E2 treatment groups at 7 days after GCI. Quantification of blots
indicates a significant increase in CD68 after GCI and suppression under the effect of E2. (f) Representative confocal microscopy images
of M2 markers, CD206 and IL1RA, in shams and GCI as well as GCI + E2 treatment groups at 7 days after GCI indicate downregulation
after GCI and upregulation under the effect of E2 (magnification = 40x, scale bar = 50μm). (g, h) Quantification of intensity of confocal
microscopy staining in 5F. (i, j) Western blot analysis of classical M2 marker, CD206, in sham, GCI, and GCI + E2 treatment groups at 7
days after GCI. Quantification of Western blots shows that there is not a change in CD206 expression after GCI. However, E2 treatment
with GCI leads to a significant upregulation of CD206 (n= 5-6 animals per group) (#p < 0 05, sham versus GCI, ∗p < 0 05, GCI versus
GCI + E2).
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and enhance the M2, anti-inflammatory, repair microglia
phenotype, in the hippocampus after GCI.

3.3. E2 Directly Regulates M1/M2Microglial Polarization and
Cytokine Expression in Activated BV2 Microglia Cells In
Vitro. To enhance our understanding of whether E2 can act
directly on microglia to regulate M1/M2 polarization, we
performed in vitro experiments using a murine microglial
cell line, BV2 cells [43]. BV2 cells were activated using
100ng/mL lipopolysaccharide (LPS) treatment for 16 hours
overnight. The LPS+E2 treatment group was treated with
100nM E2 in addition to LPS. Morphological examination
of control, LPS-activated, and LPS+E2-treated BV2 cells is
depicted in representative photomicrographs in Figure 5(a).
As shown in Figure 5(a), the LPS-activated cells were round
and had an absence of thin processes, indicating an “active
stage” phenotype. In contrast, the control and E2-treated
LPS-activated BV2 cells showed less rounded and more
elongated cells with thinner processes (as compared to
LPS-only-treated cells), which is indicative of “resting stage”
microglia. A quantitative assessment of total number of
activated cells in each group (Figure 5(b)) (ANOVA:
F value = 177.394, p = 0 000) indicates that LPS-activated
BV2 cells showed maximum number of amoeboid cells
per field. LPS+E2 treatment led to a significant suppres-
sion of activated cell count (p < 0 001). Based upon these
morphological assessments [61], the findings suggest that
E2 can act directly upon BV2 microglia cells to regulate
their activation.

To further confirm these findings, we examined whether
E2 could directly modulate M1/M2 microglia polarization of
BV2microglia cells in culture by examining expression of M1
and M2 markers. As shown in Figures 6(a)–6(c), LPS treat-
ment caused a robust increase in mRNA levels of all three
M1 markers: CD86 (p < 0 001), iNOS (p < 0 001), and
CD32 (p = 0 007), in BV2 microglia cells, and E2 treatment
significantly attenuated this effect for CD86 (p < 0 001),
iNOS (p = 0 001), and CD32 (p < 0 001). Western blot analy-
sis of the M1 marker, iNOS (Figures 6(d) and 6(e))
(ANOVA: 6E F value = 17.303, p = 0 003), indicates that

iNOS protein is significantly upregulated after LPS activation
of BV2 microglia cells (p = 0 003), and this effect is signifi-
cantly attenuated by E2 treatment (p = 0 011). Examination
of gene expression for the M2 microglia markers, Arginase1,
CD206, and Ym1, is shown in Figures 7(a)–7(c). As shown in
Figures 7(a)–7(c), LPS treatment did not have a significant
pattern of change for all three M2 markers, while E2
treatment significantly elevated the expression for Arginase1
(p < 0 001), CD206 (p = 0 002), and Ym1 (p = 0 000) from
2- to 4-fold versus controls. Western blot analysis of the
M2 marker, CD206 (Figures 7(d) and 7(e)) (ANOVA: 7E
F value = 12.323, p = 0 012), revealed that LPS had no
significant effect upon protein levels of CD206 protein
(p = 1 000), while E2 treatment caused a significant enhance-
ment of CD206 protein levels in the LPS-activated BV2
microglia cells (p = 0 040).

M1-polarized microglia are known to have enhanced
expression of proinflammatory cytokines, while M2-
polarized microglia have enhanced expression of anti-
inflammatory cytokines and repair factors. Thus, we next
examined the gene expression profile of both pro- and
anti-inflammatory cytokines in LPS and E2-treated BV2
microglia cells. As shown in Figures 8(a)–8(c), LPS activa-
tion increased the gene expression of all three proinflam-
matory cytokines IL-18 (p = 0 001), IL-1β (p < 0 001), and
IL-12p35 (p = 0 001) in BV2 microglia cells, while E2 treat-
ment caused a significant attenuation of the LPS induction
of the proinflammatory cytokines, IL-18 (p = 0 001), IL-1β
(p < 0 001), and IL-12p35 (p = 0 001). Interestingly, LPS acti-
vation also increased mRNA levels of the anti-inflammatory
cytokines, IL-4 and IL-13, but decreased expression of IL-10.
In contrast, E2 treatment significantly increasedmRNA levels
for anti-inflammatory cytokines, IL-4 (p = 0 005), IL-13
(p = 0 001), and IL-10 (p = 0 001) as compared to LPS
alone (Figures 8(d)–8(f)). Thus, our in vitro studies indicate
that E2 could directly act on the microglia cells to regulate
their activation and M1/M2 polarization via suppression of
M1 phenotype markers and proinflammatory cytokines
and elevation of M2 phenotype markers and anti-
inflammatory cytokines.
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Figure 5: LPS-activated BV2 microglia cells show morphological differences in terms of activation under the effect of E2 in vitro. (a)
Representative bright field microscopy images show the morphological differences between nonactivated control, LPS-activated and
activated + E2-treated BV2 microglia cells in vitro. The control group showed longer processes and less rounded cells. The LPS-activated
group showed more rounded cells with no thinner processes. The LPS + E2-treated groups further suppress the BV2 cell activation.
(b) Quantitative measurement of BV2 cell activation in terms of number of active cells per field (n= 5-6 per group) (#p < 0 05, control
versus LPS, ∗p < 0 05, LPS versus LPS + E2).
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3.4. E2 Attenuation of LPS-Induced IL-1β Is Correlated with a
Switch to M2 Microglia Polarization In Vitro. Previous work
revealed that IL-1β could exert trophic effects upon
neighboring microglia to induce M1 proinflammatory
microglia activation [70]. Therefore, we hypothesized that
E2 suppression of IL-1β could be one mechanism underlying
its ability to induce a switch from M1 to M2 microglia phe-
notypes. To further explore this possibility, we examined E2
regulation of cleaved IL-1β at the protein level and deter-
mined whether downregulation of cleaved IL-1β by E2 was
correlated with a switch to the alternative M2 microglia phe-
notype in BV2 microglia cells (as determined by examining
protein levels of the M2 marker, Ym1). We also performed
causation studies to determine whether blocking the IL-1β
receptor with an antagonist (interleukin 1 receptor antago-
nist, IL1RA, 10ng/mL for 16 hours) or immunoneutraliza-
tion of IL-1β with a neutralizing antibody (10 ng/mL for
16 hours) would inhibit cleaved IL-1β levels and enhance
M2 polarization of LPS-activated BV2 cells. As shown in
Figures 9(a)–9(d) (ANOVA: 9C F value = 14.778, p = 0 005,
9D F value = 18.966, p = 0 003), Western blot analysis
revealed that E2 suppressed the LPS-induced elevation
of cleaved IL-1β (p = 0 008), an effect that correlated with E2
increasing protein levels of the M2 marker, Ym1 (p = 0 009).
Furthermore, as shown in Figures 9(e)–9(h) (ANOVA: 9G
F value = 31.382, p = 0 010, 9H F value = 28.938, p = 0 011),

treatment with ILRA or immunoneutralization with a mono-
clonal antibody to IL-1β resulted in a significant attenuation
of cleaved IL-1β (p = 0 013, p = 0 040) and a corresponding
increase in the M2 marker Ym1 (p = 0 018, p = 0 026),
indicating a switch to a M2 microglia phenotype.

3.5. E2 Attenuates Neurotoxicity of Activated BV2 Microglia
Cells. Conditioned media from LPS-primed BV2 microglia
cells are known to be neurotoxic to neuronal cells through
activating inflammatory pathways [71]. To explore whether
E2 treatment was able to attenuate the neurotoxicity of the
LPS-primed BV2 cells, we utilized the HT-22 hippocampal
neuronal cell line treated for 4 hr with conditioned media
from control BV2 microglia cells, LPS-activated BV2
microglia cells, or LPS+E2-treated BV2 microglia cells.
At the end of the treatment, the media was collected and
tested for cytotoxicity using an LDH assay kit, or HT-22
cell lysates were collected to test for apoptosis using
Western blot analysis for cleaved-caspase 3, a classical
marker of apoptosis. As shown in Figure 10(a) (ANOVA:
10A F value = 7.507, p = 0 003), LDH assay results revealed
that conditioned media from LPS-treated BV2 microglia
cells were highly neurotoxic to HT-22 neuronal cells
in vitro, as compared to conditioned media from control
non-LPS-treated BV2 microglia cells (p = 0 000). Interest-
ingly, the LDH assay results also revealed that conditioned
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Figure 6: Suppression of M1 phenotype markers by E2 in the LPS-activated BV2 microglia cells in vitro. (a–c) mRNA was collected from
control, LPS-activated, and LPS activated + E2-treated BV2 cells at 16 hours after activation and treatment. Quantitative RT-PCR analysis
of M1 markers, CD86, iNOS, and CD32, indicates a significant upregulation after LPS activation. This upregulation is significantly
suppressed by E2 treatment in the activated cells. (d, e) Western blot analysis and quantification of the M1 marker, iNOS, indicate a
significant increase in expression after LPS activation and suppression by E2 treatment (n= 5-6 per group) (#p < 0 05, control versus LPS,
∗p < 0 05, LPS versus LPS + E2).
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media from LPS+E2-treated BV2 microglia cells had greatly
reduced neurotoxicity on HT-22 cells, as compared to
the LPS-treated BV2 microglia cell conditioned media
(p = 0 001). It should be noted that we measured LDH in the
conditioned medium of all three groups prior to adding the
conditioned media to the HT-22 cells and found little to no
LDH levels (data not shown). This further confirmed that
the LDH release found in the media at the end of the
incubation with the conditioned media was from HT-22
neurons. To further confirm our neurotoxicity results, we
used a second marker that does not require measuring
release of a factor into the conditioned media, but rather
measurement of an “in cell” marker of apoptosis,
cleaved-caspase 3. As shown in Figures 10(b) and 10(c)
(ANOVA: 10C F value= 40.285, p = 0 000), Western blot
analysis of HT-22 cell lysates revealed a significant
increase in cleaved-caspase 3 protein levels in HT-22 cells
that were exposed to the LPS-activated conditioned media
(p = 0 001). In contrast, cleaved-caspase 3 expression was
significantly reduced in the HT-22 cells that were sub-
jected to LPS+E2-treated conditioned media (p = 0 001).

4. Discussion

To our knowledge, our study is the first to demonstrate that
E2 can switch microglia polarization from a “proinflamma-
tory” M1 state to a more “anti-inflammatory, repair” M2

state in the hippocampal CA1 region after GCI. Since we
[12, 31, 72] and others [73–75] have reported previously that
E2 exerts robust neuroprotection and improves cognitive
outcome after GCI, the E2-induced switch in microglial
polarization could contribute to the E2-induced neuropro-
tective effects and improved outcome after GCI. Indeed, in
recent years, several studies have appeared showing that a
switch in microglial polarization to the anti-inflammatory/
repair M2 phenotype leads to improved outcomes in several
neurodegenerative disorders [46, 76–78]. For instance,
M2-polarized microglia exhibit better clearance of Aβ pla-
ques in Alzheimer’s disease [79], and enhanced M2microglia
polarization is correlated with decreased neurodegeneration
in the substantia nigra in models of Parkinson’s disease
[79, 80]. Furthermore, administration of IL-4, a well-known
anti-inflammatory cytokine and potent inducer of M2
microglia polarization, was shown to enhance M2 microglial
polarization and improve functional and neurobehavioral
outcomes following focal cerebral ischemia and intracerebral
hemorrhage [81, 82]. Likewise, IL-4 treatment of brain slices
in vitro enhanced M2microglial polarization and was protec-
tive against oxygen glucose deprivation [83]. Additional
studies using (+)-naltrexone to block Toll-like receptor 4
(TLR4) or a PPARϒ (peroxisome proliferator-activated
receptor gamma) agonist, rosiglitazone, have also been
reported to enhance M2 microglial polarization, leading
to enhanced neuroprotection and improved cognitive
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Figure 7: Upregulation of M2 phenotype markers by E2 in the LPS-activated BV2 microglia cells in vitro. (a–c) mRNA was collected from
control, LPS-activated, and LPS activated + E2-treated BV2 cells at 16 hours after activation and treatment. Quantitative RT-PCR analysis of
M2 markers, Arginase1, CD206, and Ym1, indicates a significant upregulation after LPS activation and E2 treatment. (d, e) Western blot
analysis and quantification of the M2 marker, CD206, indicate a significant increase in expression after E2 treatment of activated BV2
cells (n= 5-6 per group) (#p < 0 05, control versus LPS, ∗p < 0 05, LPS versus LPS + E2).
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outcome after cardiac arrest and intracerebral hemorrhage
[84, 85]. Collectively, these studies, and our own findings
suggest that a switch from M1 to M2 microglial polariza-
tion could help mediate the neuroprotective effects and
improved outcome observed with E2 treatment in animals
subjected to GCI.

It has been suggested previously that enhanced M2
polarization may be beneficial due, in large part, to a switch
of production from M1 “proinflammatory cytokines” to M2
“anti-inflammatory cytokines and trophic factors,” thus
decreasing inflammation and facilitating tissue and cellular
repair [86, 87]. Indeed, using in vitro studies, we found that
E2 switched microglial polarization of LPS-activated BV2
microglia cells from M1 to a predominantly M2 phenotype,
with an associated switch from “proinflammatory” to an
“anti-inflammatory” cytokine gene expression pattern in
the activated BV2 microglia cells. This E2-induced switch
in microglia polarization and cytokine expression appeared
functionally important as it was correlated with a significant
decrease in neurotoxicity of E2-treated LPS-activated BV2
microglial cells. Conceptually, reduced microglia neurotoxic-
ity and enhanced anti-inflammatory cytokine production
following E2 treatment could be an important mechanism
contributing to E2-induced neuroprotection after GCI
and in various neurodegenerative disorders. Interestingly,
E2 has also been shown to enhance phagocytosis of
hypoxia-activated BV2 microglia cells [61] and to enhance
Aβ protein uptake in microglia derived from the human

cerebral cortex [88]. These findings suggest that, in addi-
tion to decreasing neurotoxicity of activated microglia,
E2 can also potentially enhance repair and clearance
activities of microglia.

While microglial polarization has received considerable
attention in recent years, the mechanisms underlying a
switch from M1 to M2 microglia polarization remain poorly
understood. Studies in focal cerebral ischemia animal models
suggested a potential important role for anti-inflammatory
cytokines like IL-10 and IL-4 in regulating microglia pheno-
type, as their administration induced a switch from M1 to
M2 microglia polarization, as evidenced by increased pro-
duction of the M2marker, CD206, and decreased production
of the M1 markers, TNF-α and IL-1β [78, 89, 90]. Likewise,
in our current study, we provide evidence supporting a
potential role for IL-1β as one of the potential supporting fac-
tors of M1 over M2 microglia polarization, as administration
of IL1RA or a IL-1β neutralizing antibody led to upregula-
tion of the M2 marker, Ym1, and corresponding downregu-
lation of the proinflammatory cytokine, cleaved IL-1β in
LPS-activated BV2 microglia cells. The functional impor-
tance of IL-1β in GCI pathology is evidenced by the fact that
treatment with an IL-1β neutralizing antibody has been
shown to enhance functional cognitive recovery after GCI
[91]. Furthermore, in a previous study on the anti-
inflammatory actions of E2, we also demonstrated that
E2 can suppress NLRP3 inflammasome activation and its
associated downstream IL-1β cytokine production in the
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Figure 8: E2 regulates pro- and anti-inflammatory cytokine expression in BV2 microglia cells in vitro. mRNA was collected from control,
LPS-activated, and LPS activated + E2-treated BV2 cells at 16 hours after activation and treatment. (a–c) RT-PCR analysis of proinflammatory
cytokines, IL-18, IL-1beta, and IL-12p35, indicates that an LPS activation leads to a significant increase in their expression, and E2 treatment
suppresses it. (d–f) RT-PCR analysis of anti-inflammatory cytokines, IL-4, IL-13, and IL-10, indicates that an LPS activation leads to a
significant increase in their expression, and E2 treatment further enhances this expression of anti-inflammatory cytokines (n= 5-6 per
group) (#p < 0 05, control versus LPS, ∗p < 0 05, LPS versus LPS + E2).

12 Oxidative Medicine and Cellular Longevity



hippocampus after GCI [23]. Based on this and our cur-
rent findings, it is tempting to propose that E2 attenuation
of NLPR3 inflammasome activation and its downstream
product, IL-1β, may help facilitate the observed switch in
microglial phenotype from M1 to predominately M2 after
E2 treatment in GCI. Clearly, inflammation is a multimole-
cule cascade, and hence the possibility of involvement of mul-
tiple pathway regulation is likely and requires further study.

Additionally, although we did not explore the estrogen
receptor type involved in the microglia regulatory effects of
E2 in our study, we believe the E2 effects are likely to involve
mediation by ERβ, as BV2 microglia cells have been reported

to only express ERβ, and not ERα or GPER1 [61]. However,
the situation in vivomay be more complex, as brain microglia
under different conditions have been reported to express all
three estrogen receptors, ERα, ERβ, and GPER1 [92, 93].
Indeed, studies using ERα and ERβ agonists in middle-aged,
ovariectomized female rats have shown that activation of
either ERα or ERβ is capable of modulating the expression
of neuroinflammatory genes in the frontal cortex, as well as
modulating microglia-macrophage complement expression
[94, 95]. Likewise, ERα knockout mice have spontaneous
and enhanced microglia activation and an increase in proin-
flammatory cytokines, which correlated with an increased
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Figure 9: Effect of IL-1 receptor antagonist (IL1RA) and neutralizing monoclonal antibody for IL-1beta (mIL1β) on expression of M1 and
M2 markers in LPS-activated BV2 microglia cells in vitro. (a, b) Western blot analysis of cleaved IL-1β and Ym1 indicates that E2 treatment
suppresses M1marker, cleaved IL-1β, and upregulates expression of M2marker, Ym1. (c, d) Quantification ofWestern blot analysis indicates
that LPS activation leads to a significant increase in M1 marker, cleaved IL-1β levels, and a significant suppression by E2. It further indicates
that M2 marker, Ym1, is significantly upregulated by E2. (e, f) Western blot analysis of cleaved IL-1β and Ym1 indicates that IL1RA and
neutralization of IL-1β suppress M1 marker, cleaved IL-1β, and upregulate expression of M2 marker, Ym1. (g, h) Quantification of
Western blot analysis indicates that LPS activation leads to a significant increase in M1 marker, cleaved IL-1β levels, and a significant
suppression by IL1RA and neutralization of IL-1β. It further indicates that M2 marker, Ym1, is significantly upregulated by IL1RA and
neutralizing IL-1β treatments (n= 5-6 per group) (#p < 0 05, control versus LPS, ∗p < 0 05, LPS versus LPS + E2, ∗∗p < 0 05, LPS versus
LPS + IL1RA or LPS +mIL1beta).
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infarct size after focal cerebral ischemia [96, 97]. Furthermore,
a potential role of GPER1 in E2 anti-inflammatory effects has
also been suggested recently, as treatment of primary microg-
lia with E2 or the GPER1 agonist, G1, was able to suppress
LPS-induced proinflammatory cytokine production, and a
GPER1 antagonist, G15, reversed the effects of E2 and G1
[60]. The suggestion that all three ERs may help mediate the
anti-inflammatory effects of E2 in vivo is perhaps not sur-
prising considering that all three ERs have been implicated
in E2-induced neuroprotection [6, 25, 26, 50, 98]. Finally,
it is intriguing and translationally relevant to note that cur-
rent FDA-approved selective estrogen receptor modulators
(SERMS) such as tamoxifen and raloxifene have been shown
to reduce microglia activation, as well as proinflammatory
cytokine and chemokine expression following neuronal
injury [99]. Thus, SERMs or GPER agonists could be

attractive therapeutic agents as they potentially could exert
similar anti-inflammatory effects as E2, but with potential
fewer associated negative side effects.

Finally, our study has some potential limitations that
should be considered. First, for our in vitro studies, we chose
to use the BV2 microglial cell line and LPS as the activator/
inducer of microglial polarization and activation. These
choices were made due to LPS being the most common
microglial-inducing agent used in the literature and because
BV2 cells provide ease of use and have been shown to mimic
very closely primary microglia [43]. Nevertheless, confirma-
tion of results in primary microglia would be advantageous,
as would examination of other potential regulators such as
oxygen glucose deprivation (OGD). Interestingly, previous
work by another group has shown that E2 prevents the
upregulation of proinflammatory cytokines after oxygen
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Figure 10: Neurotoxicity of LPS-activated BV2 microglia cells is inhibited by E2 in vitro. BV2 cells were activated using LPS. Conditioned
media from control, LPS-activated, and LPS + E2-treated cells were transferred to hippocampal neuronal cell line, HT-22 cells. HT-22 cells
were treated with these conditioned media, supernatant was harvested for LDH assay, and cells were harvested for cleaved-caspase3 analysis.
(a) LDH levels using the LDH assay kit were determined in the control, LPS, and LPS + E2-treated groups. This indicates that LPS-activated
cells have increased LDH release, and this is suppressed by E2 treatment. (b, c) Western blot analysis and quantification from HT-22 cells
indicate that LPS grouphad increased cleaved-caspase3 levels which are significantly suppressed byE2 treatment (n= 5-6 per group) (#p < 0 05,
control versus LPS, ∗p < 0 05, LPS versus LPS + E2).
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deprivation (hypoxia) in BV2 cells, suggesting that our find-
ings using LPS may also be applicable to ischemia-relevant
inducers such as oxygen deprivation/hypoxia [61]. An addi-
tional caveat is that we used young (3months old) adult rats
in our in vivo GCI studies. GCI is a hallmark of cardiac arrest,
which can occur in young people, but is more frequent in
aged individuals. At this point, we do not know if E2 would
exert similar anti-inflammatory effects in aged animals as
we observed in young animals after GCI. However, in
previous studies, we did find that this same low-dose E2
replacement regimen was still neuroprotective against GCI
in aged (9–12months old) ovariectomized rats [32]. How-
ever, the anti-inflammatory and microglial phenotype regu-
latory effects of E2 in the aged animals were not studied in
the previous study, and thus future studies will be needed
to address this issue. Finally, we found that E2 had no signif-
icant effect upon microglial activation in the basal, nonin-
duced state. This is consistent with our previous studies,
where we also found no significant effect of E2 upon a variety
of stress-induced and neurodegenerative factors in the basal
nonischemic state (including Dkk1, JNK, pJNK, p53, Puma,
and phospho-beta-catenin) [12, 72, 100]. Furthermore,
others have examined E2 effects upon microglia in vitro in
the basal state and confirmed that E2 does not induce either
an M1 or M2 phenotype in the basal noninduced situation
[101]. E2 also did not alter basal expression or activity of
inflammatory markers of microglial activation, such as iNOS,
NO, PGE2, and MMP-9 in microglial cells [102, 103], and
did not alter LDH release or metabolic activity of microglial
cells in the basal noninduced state [62]. Collectively, these
studies suggest that E2 primarily regulates microglial polari-
zation/activation in the induced (ischemic/injured) state.

In summary, the results of this study showed that M1
microglia polarization, as measured by M1 marker gene
and protein expression, increased 3- to 8-fold in the hip-
pocampus at days 3 and 7 following GCI, and this effect
was strongly attenuated by E2 treatment. In contrast, M2
polarization showed little change in the hippocampus after
GCI, but was robustly increased by E2 treatment. Mecha-
nistic studies showed that E2 could act directly on BV2
microglia cells in vitro to (1) suppress M1 and increase
M2 polarization after LPS treatment, (2) attenuate expres-
sion of proinflammatory cytokines while enhancing that of
anti-inflammatory cytokines, and (3) reduce neurotoxicity
of the BV2 microglia cells. Overall, findings from this
study demonstrate that E2 can suppress M1 proinflamma-
tory while enhancing M2 anti-inflammatory microglia
polarization after GCI, which may contribute to the neu-
roprotective and anti-inflammatory effects of E2 after GCI.
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Astrocytes, once believed to serve only as “glue” for the structural support of neurons, have been demonstrated to serve critical
functions for the maintenance and protection of neurons, especially under conditions of acute or chronic injury. There are at
least seven distinct mechanisms by which astrocytes protect neurons from damage; these are (1) protection against glutamate
toxicity, (2) protection against redox stress, (3) mediation of mitochondrial repair mechanisms, (4) protection against
glucose-induced metabolic stress, (5) protection against iron toxicity, (6) modulation of the immune response in the brain, and
(7) maintenance of tissue homeostasis in the presence of DNA damage. Astrocytes support these critical functions through
specialized responses to stress or toxic conditions. The detoxifying activities of astrocytes are essential for maintenance of the
microenvironment surrounding neurons and in whole tissue homeostasis. Improved understanding of the mechanisms by
which astrocytes protect the brain could lead to the development of novel targets for the development of neuroprotective strategies.

1. Introduction: Brain Injury and
Cellular Responses

Mechanisms causing damage to the central nervous system
(CNS) are numerous and complex, ranging from those
associated with age-related neurodegeneration to the acute
mechanisms of traumatic brain injury (TBI), ischemic stroke,
and radiation exposure. In all cases, however, astrocytes
play a central role in the compensatory responses that
nature has designed to protect against the loss of terminally
differentiated, nonreplicating neurons.

Like aging, acute injuries can result in a long-term pro-
gression of pathogenic changes that alter brain functions
for years afterwards [1]. Specifically, following an initial
TBI, secondary events can occur that extend both the area
of as well as the intensity of the injury. Loss of vascular integ-
rity resulting in a breakdown of the blood brain barrier (BBB)
causes exposure of the CNS to exogenous immune cell types,
abnormal levels of cytokines, and other cellular mediators

and ionic disruption that can lead to a cascade of pathogen-
esis [2–7]. Loss of BBB integrity is also observed following
ischemic stroke, radiation exposure, and in certain neurode-
generative disorders, due to the loss of neurovascular
functions [8–11]. Secondary damage due to vascular and
metabolic imbalances leads to increased glutamate release
and subsequent excitotoxicity, mitochondrial dysfunction,
and excessive production of reactive oxygen species (ROS),
as well as disruption of glucose metabolism/release, and
further alterations of ion concentrations [12–14]. Glutamate
is thought to be a central mediator in this constellation of
secondary injury events. An increase of extracellular gluta-
mate activates N-methyl-D-aspartate receptors (NMDARs)
in neurons, allowing calcium influx [15]. The resulting cal-
cium excitotoxicity affects mitochondrial functions, causing
a disruption of energy balance and production of excessive
ROS, ultimately causing acute necrotic cell death and/or
delayed apoptotic cell death [15–18]. Further damage can
occur due to prolonged neuroinflammatory and related
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immune responses that exacerbate the injury [19, 20] and
may underlie long-term pathogenesis.

Although the initiating events of CNS damage may
differ, similar patterns of secondary injuries are observed
[10, 21, 22]. This implies that understanding of the mecha-
nisms underlying the CNS response to any injury may allow
the development of treatments for other diseases or disorders.

Historically, treatments for acute or chronic damage to
the nervous system have focused on neuronal responses
and survival. This was due to the neurons’ perceived impor-
tance in cognition and their postmitotic status which pre-
vents their replacement when damaged [23, 24]. However,
more attention is now being paid to the impact of nonneur-
onal cell types that function to mitigate damage and promote
neuronal function and repair following tissue injury. In
recent years, there has been a greater appreciation of the role
of astrocytes in brain function and survival. The perceived
value of astrocytes has risen from their initially defined role
of “brain glue” to current findings that astrocytes are critical
for modulating synaptic transmissions, managing energy
metabolism, water, and ion homeostasis, and protection of
neurons from oxidative stress under both mild and cata-
strophic conditions [25–29]. Here, we review the role of
astrocytes in the protection of neurons from the conse-
quences of initial and secondary injury processes (Figure 1).

2. Astrocytes: Origin, Morphology,
and Activation

Astrocytes are members of a larger family of nonneural, glial
cells which include oligodendrocytes and Schwann cells, both
of which form myelin and microglia, which are specialized
macrophages that aid in immunity. Astrocytes and the other
cells of the glial family are defined, in part, by their inability
to produce an action potential upon stimulation [30]. Astro-
cytes are embryonically derived from progenitor cells of
neuroepithelium which differentiate to function in their tra-
ditional roles as support cells. They provide nutrients and
remove end products of metabolism [31]. Astrocytes exhibit
spongiformmorphology, with processes in close contact with
neuronal synapses and other components of the CNS [32].
Recent advances in our understanding of astrocytes, dis-
cussed below, reveal the astrocyte to have essential roles in
synaptic function and nervous system repair [33, 34].

Astrocytes, the most abundant nonneuronal cell type
in the brain, consist of two main subclasses: protoplasmic
and fibrous [35]. Protoplasmic astrocytes display a stellate
appearance in the grey matter, and fibrous astrocytes primar-
ily exist as long, thin, fibrocyte-like cells in the white matter
of the CNS [36]. Each subtype has a distinctive profile of gene
expression, as reflected in their expression of specific recep-
tors and proteins [37, 38]. These two types of astrocytes
display differences in their development and their expression
of receptors and proteins [37, 38]. However, both subtypes
express glial fibrillary acidic protein (GFAP), the main astro-
cytic intermediate filament, as well as calcium-binding S100B
protein (S100B) [39, 40].

Activation of astrocytes can occur in response to a variety
of injuries to the brain and in response to inflammation or

pathological neurodegeneration [35]. The activated state,
astrogliosis or reactive astrogliosis, is believed to have multi-
ple functions in the brain and has been the topic of contro-
versy for over 20 years [32, 35, 41]. While in some cases,
astrocyte activation has been linked to repair and return to
homeostasis, and in other cases, astrocyte activation has been
related to the formation of scar tissue and the inhibition of
neuronal axon outgrowth [35]. Induction of the reactive state
of astrocytes can occur through multiple mechanisms includ-
ing the presence of amyloid beta peptides (Aβ peptides), to
neuronal damage or neurodegeneration, the release of proin-
flammatory cytokines by microglia and macrophages, or in
response to acute injury to cells of the CNS [42–44]. The time
course of astrocyte reactivity is heterogeneous and may
depend on the location and type of injury [45]. In certain
murine models of mild CNS injury, astrocyte reactivity is
transient [46]. However, other studies indicate long-lasting
increases in astrocyte reactivity occurring after either mod-
erate or severe CNS injury from TBI or by radiation [47, 48].
Mild perturbations of the CNS can be adequately repaired,
and homeostasis can be maintained with cooperation among
glial cells. However, under more severe conditions, astrocytes
remain in a state of reactivity indicating an inability to
adequately repair. Similarly, astrocytes in postmortem Alz-
heimer’s patients appear to maintain themselves in a con-
tinuous reactive state, consistent with chronic inflammation
observed in this disease [49]. Thus, astrocyte reactivity per-
sistence may indicate the presence of unresolved dysfunction
in the CNS.

The primary alterations in the transformation of normal
astrocytes to reactive astrocytes include hypertrophy of
their main cellular processes, proliferation, and alterations
in protein expression [32, 50, 51]. Fibrous and protoplasmic
astrocytes display differences in the length of their processes
following mechanical injury. In a murine model of axonal
injury, fibrous astrocytes displayed condensed, retracted pro-
cesses [46]. In contrast, protoplasmic astrocytes displayed
increased length and branch complexity of their processes
after injury [32, 52]. This may be a reflection of their
functions within the brain, but more research is required to
understand the significance of these changes. Of greater
interest are their different sensitivities to damage. Research
of brain ischemia and cortical lesions has shown that proto-
plasmic astrocytes may either die or differentiate into fibrous
astrocytes after brain injury caused by ischemia and cortical
lesions [52, 53]. This suggests that the differences between
astrocyte types are fluid and dependent on environmental
conditions. Significantly, protoplasmic astrocytes promote
the differentiation of neural stem cell (NSC) into neurons
via their secretion of brain-derived neurotrophic factor
(BDNF) secretion [54]. Also, while both protoplasmic and
fibrous astrocytes aid in motor neuron neurite outgrowth,
protoplasmic astrocytes produced factors in the extracellular
matrix that aided in axonal growth of V2a interneurons,
while extracellular matrix produced by fibrous astrocytes
had more factors that inhibited axon growth of V2a interneu-
rons, suggesting that the actions of the protoplasmic and
fibrous astrocytes are selective for specific neurons [55].
Thus, the differentiation or death of protoplasmic astrocytes
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Figure 1: Schematic of mechanisms of neuroprotective effects of astrocytes. There are at least seven distinct mechanisms by which astrocytes
protect neurons from damage. (1) Protection against glutamate toxicity occurs through astrocyte uptake of extracellular glutamate through
the excitatory amino acid transporter 2 (EAAT2) and the glutamate transporter 1 (GLT-1). (2) Protection against redox stress through the
activation of Nrf2 and regulation of antioxidant genes; protection of the neurons is also advanced by the export of glutathione precursors
to help neurons synthesize glutathione. (3) Mediation of mitochondrial repair mechanisms by which astrocytes received damaged
mitochondria from neurons for mitophagy and in return deliver healthy mitochondria to the neurons. (4) Protection against glucose-
induced metabolic stress, which involves astrocytes taking up extracellular glucose for storage as glycogen; the glycogen can be released to
neurons as lactate for their metabolism at a later time. (5) Protection against iron toxicity, in which astrocytes sequester free iron for
storage in complex with ferritin. (6) Modulation of the immune response in the brain occurs by astrocyte inhibition of both T cell and
monocyte activation; the mechanisms for these actions are not fully known. (7) Maintenance of tissue homeostasis in the presence of
DNA damage, where astrocytes can effectively repair their DNA through both homologous recombination and nonhomologous end
joining, following pause of the cell cycle.
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may have a significant impact on replenishing neurons and
regrowth of neuronal axons in the CNS following injury
depending upon the site of injury.

Reactive astrocytes perform a variety of tasks in response
to injury which can be beneficial or deleterious to the sur-
rounding neurons, depending on the circumstances of the
injury. Reactive astrocytes can form scars after CNS trauma.
In some cases, scars can be viewed as initially beneficial since
they limit immune cell invasion, decrease neuroinflamma-
tion, and maintain ion homeostasis in damaged brain tissue
[56, 57]. Ablation of proliferating reactive astrocytes after
moderate closed cortical impact (CCI) in mice produced
increased inflammation and neuronal death, suggesting that
the overall value of astrocyte reactivity is for the protection
of neurons postinjury [58]. Evidence indicates interference
in the development of the astroglial scar results in increased
neuronal cell death and decreased modulation of inflamma-
tion [59]. However, there is controversy over its long-term
impact of the scar tissue on repair and functional recovery
[60, 61]. Prior evidence suggests that glial scar formation pre-
vents or inhibits axonal regrowth of neurons [62]. This has
been attributed to astrocyte expression of chondroitin sulfate
proteoglycan, a known inhibitor of neuronal axons during
embryogenesis [63]. However, in murine models where
astrocyte scar formation is impaired, there was demonstrated
to be less neuronal axon regrowth and remodeling [64, 65].
Using transgenic murine models, one research group demon-
strated that the formation of an astrocytic scar actually
improved neuron axonal regrowth, provided that brain-
derived neurotrophic factor (BDNF) and neurotrophin-3
(NT3) were added [64]. Together, these studies suggest that,
in contrast to initial hypotheses, the presence of astrocytic
scars alone does not prevent axonal regrowth, but rather that
the lack of adequate growth factors may be the problem.

The beneficial nature of gliosis may become detrimental
when damage is too severe for homeostasis to be reestab-
lished. For the purposes of this review, we will focus mostly
on the mechanisms by which astrocytes protect neurons
under basal conditions and after injury. This will involve
focusing on the astrocyte’s ability to collect and transport
vital nutrients, neurotransmitters, and ions in the brain, to
release antioxidants during redox stress, to repair mitochon-
dria and DNA after injury.

3. Astrocyte Defense against Glutamate Toxicity

Glutamate is the most abundant excitatory neurotransmitter
in the brain, with actions mediated through a diverse family
of receptors to modulate synaptic transmission and aid in
plasticity [66, 67]. In normal synaptic communication, neu-
rons release measured quanta of glutamate into the synaptic
cleft. However, following physical trauma, radiation expo-
sure, and chronic neurodegenerative disorders, including
Alzheimer’s disease, excessive glutamate is released or fails
to be taken up for days after injury [68–71]. The cause of
glutamate dysregulation in TBI and neurodegeneration is
not completely understood, but elevations in free glutamate
are linked to poor clinical outcome [71]. Recent evidence
indicates that glutamate is released by dying or damaged

neurons, possibly via the cystine glutamate antiporter
[72, 73]. Excessive extracellular glutamate leads to excitatory
neuronal cell death attributed to overstimulation of NMDAR
and subsequent overproduction of ROS in neurons [74, 75].

Under conditions of normal neuronal activity, astrocytes
are responsible for the uptake of excess glutamate from the
synaptic cleft. Following uptake, astrocytes process the gluta-
mate into glutamine and return it to neurons for reuse [76].
Consistent with this role, astrocytes highly express the excit-
atory amino acid transporter 2 (EAAT2) and the glutamate
transporter 1 (GLT-1) which are responsible for the active
uptake of glutamate [77]. Glutamate homeostasis is a critical
function of astrocytes in the brain, as demonstrated experi-
mentally by the neurotoxicity that results from inhibition of
the astrocyte glutamate transporters [78, 79].

Following tissue injury, astrocytes can actively take
up excessive glutamate from the extracellular (nonsynaptic)
space and buffer its potential excitotoxic actions on neu-
rons. The reduction of extracellular glutamate by astrocytes
decreases the subsequent lesion size, mitigates neuronal
death, and improves CNS function postinjury [80].

Under conditions of severe injury, the extent of damage
and types of injury to the astrocytes themselves can impact
the ability of astrocytes to protect neurons from glutamate
toxicity [81]. For example, astrocytes injured by radiation
or more severe forms of TBI display reduced glutamate
uptake activity as compared to the uninjured condition,
allowing increased neuronal uptake of glutamate and a
greater extent of neuronal cell death and seizure activity
[70, 81, 82]. The mechanism for radiation inhibition of astro-
cyte uptake of glutamate is thought to be related to ROS inhi-
bition of the astrocytic glutamate transporter via oxidation of
protein sulfhydryl groups critical for function [83, 84]. At
least three potential mechanisms have been proposed for
increased extracellular glutamate levels and subsequent exci-
totoxicity in TBI [85, 86]. These mechanisms may occur in
tandem and are not exclusive. In the first potential mecha-
nism, tumor necrosis factor-α (TNF-α), the proinflammatory
factor released during brain damage, downregulates gluta-
mate uptake by astrocytes and suppresses conversion of
glutamate to glutamine [87]. In the second possible mecha-
nism, TBI- and ischemia-induced efflux of glutamate from
injured astrocytes may occur in response to thrombin, which
is released after BBB disruption [88]. In a third potential
mechanism, ischemia and glucose deprivation may induce
altered glutamate release by astrocytes [89].Under normal cir-
cumstances, glutamate uptake occurs against its gradient and
must be actively transported into the astrocyte via EAATs.
However, under acidic conditions, as occurswith hypoxia, this
transporter is reversed and expels glutamate [89]. Thus, more
severe neuronal injuries and/or chronic disruptions lead to
cell death when the astrocytes themselves exacerbate gluta-
mate imbalance as they fail to maintain homeostasis.

4. Redox Stress Reduction by Astrocytes

Basal levels of ROS in the brain can result from normal cellu-
lar functions and metabolic activity. While the production of
ROS is a natural consequence of mitochondrial respiration,
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overproduction of ROS following injury exceeds the capacity
of natural cellular antioxidant mechanisms, resulting in the
pathological modification of proteins, lipids, and nucleic
acids [90–93]. To combat these processes, the brain utilizes
multiple pathways for antioxidant defense including super-
oxide dismutase (SOD), catalase and glutathione detoxifica-
tion pathways, and thioredoxin detoxification pathways
[94]. These mechanisms are utilized to different degrees by
different cell types.

A hallmark of glutamate excitotoxicity is increased
intracellular redox stress. Excessive glutamate activation of
NMDAR causes Ca2+ influx into the cytosol of neurons
[95]. The excessive intracellular Ca2+ can translocate into
the mitochondrial matrix where it leads to the collapse of
mitochondrial membrane potential with loss of ATP pro-
duction and, ultimately, cell death [22, 74]. To prevent
this, many cell types upregulate uncoupling proteins (UCPs),
which aid in removal of intracellular Ca2+ and prevention of
Ca2+ entry into the mitochondria [96, 97]. UCPs decrease the
levels of hydrogen protons in the mitochondrial intermem-
brane space and therefore the mitochondrial electrochemical
proton gradient, by leaking them into the mitochondrial
matrix [98, 99]. Since the electrochemical proton gradient is
necessary for ATP synthase function, a decrease in hydrogen
protons decreases ATP production [100]. The increase of
hydrogen protons in the mitochondrial matrix also causes
diminished entry of positively charged molecular calcium
[101]. In the short term, the activity of UCP may benefit
the neurons for immediate survival, but in the long term, it
is detrimental, since this process inhibits ATP production
[102, 103]. Catastrophic calcium entry due to acute or
chronic brain injury can overcome the UCP system, leading
to the production of ROS which causes further mitochondrial
dysfunction and cell death [22, 104–106]. This mitochondrial
membrane depolarization and increase in ROS induced by
high Ca2+ levels can cause apoptosis by facilitating the release
of cytochrome C through the mitochondrial transition pore
and activation of caspase 3 [107, 108].

Astrocytes normally display a higher basal level of
glutathione (0.91± 0.08mM) as compared to neurons
(0.21± 0.02mM), suggesting that under normal conditions,
they are capable of detoxification of higher amounts of reac-
tive oxygen and nitrogen species [109, 110]. Astrocytes also
have a greater inducible expression of glutathione in response
to oxidative stress [111, 112]. The ROS-inducible transcrip-
tion factor nuclear factor E2-related factor 2 (Nrf2) regulates
the glutathione system, as well as the thioredoxin system and
SOD [113–115]. Under basal conditions, Nrf2 is constitu-
tively produced and ubiquitinated for degradation by binding
to the Kelch-like ECH-associated protein 1 (Keap1) in the
cytoplasm [116]. Under conditions of increased oxidative
stress, Keap1 binding to Nrf2 is inhibited [117], allowing
Nrf2 to escape degradation and instead to translocate to
the nucleus where it interacts with the antioxidant
response element (ARE) in gene promoters that activate
the expression of oxidative stress response genes. Previous
research indicated that astrocytes display higher basal and
stimulated levels of ARE binding by NRF2 as compared to
neurons [118].

Interestingly, Nrf2-induced expression and downstream
upregulation of antioxidant defenses in astrocytes confer
enhanced resistance to oxidative stress for both astrocytes
and neurons [119, 120]. As stated above, the enhanced Nrf2
within astrocytes effectively upregulates antioxidant genes
for the protection of the astrocytes [121]. However, Nrf2
expression in astrocytes was also demonstrated to increase
neuronal survival in a murine model of amyotrophic lateral
sclerosis (ALS) and in vitro in acute hydrogen peroxide expo-
sure [122, 123]. The mechanism by which Nrf2 upregulation
in astrocytes allows protection of neurons is complex, and
further research is required for a full understanding. How-
ever, two mechanisms have been proposed for astrocyte
protection of neurons in response to ROS. In the first mech-
anism, Nrf2 induces glutathione secretion from astrocytes
into the extracellular matrix where it is cleaved to one of its
precursors (CysGly, γGluCys, or cysteine) which are then
taken up and used by neurons for glutathione resynthesis
for their own detoxification [21, 124, 125]. In the second
mechanism, the increased levels of Nrf2 induce the upreg-
ulation of the EAAT3 in astrocytes. As described above,
this neurotransmitter transporter is critical for the removal
of extracellular glutamate which after injury can induce
neuronal excitotoxicity. Thus, the removal of extracellular
glutamate protects neurons via a second independent
mechanism [126]. This redox buffering capacity of astrocytes
was demonstrated to be necessary for neuronal homeostasis
under normal basal conditions [127].

5. Astrocyte Defense against Mitochondrial
Dysfunction in Neurons

As describe in Section 4, brain injury can lead to Ca2+-
induced mitochondrial dysfunction, including overproduc-
tion of ROS, loss of mitochondrial membrane potential and
pH gradient, and failure to generate required amounts of
ATP [128]. Recently, the transfer of mitochondria from one
cell type to another has been described as a mechanism for
the replacement and repair of damaged mitochondria. The
benefits of mitochondrial transfer were initially shown in
cell culture studies in which human mesenchymal stem
cells (hMSC) repaired the aerobic respiration of A549-
transformed lung epithelial cells that contained mutated
mitochondria [129]. Mutant A549 cells which received mito-
chondria from hMSCs displayed improved ATP production,
increased lactate uptake, and higher levels of oxygen con-
sumption, a marker of electron transport chain activity
[129]. This study provided compelling evidence for mito-
chondrial transfer and demonstrated the benefits of this
activity as an effective means for protecting vulnerable cell
types. The mechanisms by which mitochondria and other
organelles are trafficked between different cell types are still
not well understood. One proposed mechanism for organelle
transfer involves the creation of tunneling nanotubes (TNTs)
[130, 131]. TNTs are created by a cell after it is subjected to
stress and has been demonstrated to occur during neuronal
development [130, 132]. Of special interest, neurons are
capable of guiding the formation of astrocyte TNTs during
periods of high synaptic activity and thus, high energy
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demand [132]. Transference of healthy mitochondria from
astrocytes to neurons in a murine model of stroke was
observed in vivo [133]. Further, it was noted in this model
that astrocytes only transferred healthy mitochondria to
damaged neurons in a calcium-dependent manner, suggest-
ing neuronal activity was necessary for transference [133].
Conversely, in a separate model, it was demonstrated that
retinal ganglion cells are capable of shedding damaged
mitochondria and that the shed mitochondria were shown
to be taken up by adjacent astrocytes where they under-
went mitophagy [134]. Thus, evidence suggests that mito-
chondrial transfer provides means to deliver healthy
mitochondria to injured neurons and for the elimination
of damaged mitochondria involved in the overproduction
of ROS.

6. Astrocyte Protection against Glucose-Induced
Metabolic Stress

The brain is highly metabolically active, utilizing fully 25%
of the body’s glucose [28]. Accordingly, efficient glucose
uptake and distribution throughout the brain is critical
for cognition and survival. Disruptions in the delivery of
glucose to the brain induce neuronal cell death. Under
normal conditions, the BBB acts as a selective barrier to
control entry of glucose into the brain; however, this bar-
rier is often disrupted in brain injury [135]. Endothelial
cells of the BBB and astrocytes express glucose transporter
1 (GLUT1), a facilitated glucose transporter, to aid in glu-
cose entry into the brain [136]. Astrocytic endfeet encircle
endothelial cells of the BBB and mediate the uptake of
glucose [137–139]. Once past the BBB, glucose is taken
up by all cell types of the CNS. In astrocytes, glucose is
converted into glycogen and stored [140]. In times of
need, astrocytes mobilize their glycogen to make lactate
available for neuronal use. This is especially important
when energy demand is high but neuronal glucose supply is
low, such as under hypoglycemic conditions [141–143].
While neurons express glucose transporter 3 (GLUT3), a
high affinity glucose transporter, they have been shown to
prefer lactate as an energy substrate during times of high syn-
aptic activity [144–146]. Glutamate induces the rapid uptake
of glucose in to astrocytes. Because extracellular glutamate is
released during neurotransmission, this indicates that
glutamate-stimulated glycogen production in astrocytes is
linked to neuronal activity [147, 148].

Insulin and insulin-like growth factor 1 (IGF-1) increase
glycogen storage in astrocytes but fail to impact glucose
transport across the astrocyte cell membrane [149]. How-
ever, selective ablation of insulin receptors in mouse astro-
cytes in vivo results in significantly lower cerebral glucose
levels [150]. This indicates a central role for astrocytes in
monitoring neuronal metabolic activity and maintaining
whole brain energy balance in a manner that is responsive
to insulin release in the blood, but in a manner that is differ-
ent from the regulation that occurs in other tissues.

Acute brain damage, including radiation, TBI, and ische-
mic stroke, can produce sudden damage to the BBB which
can lead to a disruption in the supply of glucose as well as

imbalances in extracellular ions. Of particular importance
in BBB permeability is increased extracellular potassium that
must be removed from the extracellular space [151, 152]. The
increase in extracellular potassium may be due to multiple
factors including direct cellular injury and secondary mecha-
nisms that compromise potassium buffering by astrocytes
[153–155]. While glial cells are capable of buffering normal
increases in extracellular potassium, they become over-
whelmed under conditions of more severe injuries and the
potassium overload can cause death of neurons [155, 156].
Both initial disruption of the BBB and the need to maintain
ion homeostasis produce a rapid depletion of glucose and
metabolic emergency [151, 152, 157]. Hypo- and hyperglyce-
mic conditions both induce greater cell death in neurons
than astrocytes [158–160]. Astrocyte survival in hypogly-
cemic conditions may rely on several factors including
glycogen storage within the astrocytes, alternative energy
metabolism of fatty acids, and utilization of antioxidant
systems to manage increased oxidative stress [161–163].
In vitro research also demonstrates that astrocytes can
improve neuronal survival under situations of glucose dis-
ruption by upregulating their respective monocarboxylate
transporters (MTCs) which transfers lactate from astrocytes
to neurons [164, 165].

While astrocytes may increase their release of lactate after
TBI, there is some controversy regarding the possible benefit
of this release, as neurons appear less capable of taking up the
lactate depending on their level of damage [166, 167].
Increased release of lactate by astrocytes may contribute to
lactic acidosis which can exacerbate ischemia-induced oxida-
tive stress [168]. High lactate levels in the cerebrospinal fluid
(CSF) of TBI patients have been linked worse clinical out-
comes, which is blamed on neuronal mitochondrial dysfunc-
tions, neuronal inability to uptake lactate, and subsequent
necrosis in the brain [169]. Increased lactate was also seen
in patients after they had seizures caused by severe TBI,
with astrocytes potentially releasing lactate as an energy
source for these overactive neurons [170, 171]. Under nor-
mal homeostasis and conditions of mild-to-moderate
injury, astrocytes act to maintain neuronal survival by
providing energy resources and maintaining the energy
balance of the extracellular environment of the brain, but
these actions can produce further damage if the CNS is
already severely compromised.

7. Astrocyte Mitigation of Iron Toxicity

Astrocytes are responsible for the transfer through the
BBB of a variety of nutrients required for brain tissue
homeostasis, including iron [172]. Iron performs multiple
functions within the brain, serving as an essential cofactor
in several enzymatic reactions including those involved
in the remyelination of neurons after injury [173, 174].
Iron levels are tightly regulated in the brain via specific
transport proteins and metabolic pathways, but dysregu-
lation can occur under pathological conditions [175].
Iron deficiency in the brain, due to causes such as dietary
insufficiency or anemia, can produce cognitive impair-
ments [176, 177]. However, an excess of iron, due to TBI,
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hemorrhagic stroke, or neurodegenerative diseases, causes
neurotoxicity [175, 177, 178].

When present at high levels, ferrous iron (Fe2+) inter-
acts with hydrogen peroxide to generate toxic levels of
hydroxyl radicals through the Fenton reaction [179]. Neu-
ronal susceptibility to iron-mediated necrotic, apoptotic,
and autophagic cell death is likely due to their inability
to effectively combat redox stress [180]. This is in marked
contradiction to astrocytes which are highly effective at
detoxification of ROS [181, 182, 183]. Excess iron induces
lipid peroxidation, protein and DNA oxidation, and cell
death in neurons [175, 184]. Disruptions in free iron han-
dling within the CNS have been observed after acute inju-
ries such as TBI as well as in chronic neurodegenerative
disorders [185, 186]. Iron and other transition metals
within the brain bind to Aβ a peptide that accumulates
in Alzheimer’s disease, causing greater neuronal death
and toxicity than Aβ alone [187, 188]. Similarly, in a
murine model, it was demonstrated that TBI results in
an increase in iron deposition in the brain starting as early
as four hours postinjury and extending for at least three
weeks after initial damage [189]. These findings support
the proposal that acute deregulation of iron homeostasis
may participate in long-lasting pathogenic effects that
underly neuronal damage and death [185, 190] with associ-
ated cognitive impairment.

Astrocytes utilize several distinctly different mechanisms
to directly regulate free iron in the CNS. As discussed above,
astrocytes utilize parallel mechanisms including increased
expression of Nrf2, glutathione, and catalase to combat
redox stress that is likely one of the consequences of
excessive free iron [183, 191]. Astrocytes may also protect
neurons from iron-induced cell damage under normal and
pathological conditions by sequestering free iron through
transient receptor potential canonical (TRPC) channels and
divalent metal transporter (DMT1), respectively [192, 193].
TRPC channels are best known for their proposed role in
calcium influx after activation, though they transport multi-
ple cation types across the cell membrane [194, 195]. In a cell
culture model, it was demonstrated that overexpression of
TPRC6 can increase basal levels of intracellular iron and iron
presence after stimulation, suggesting that iron transfer
through TRPC channels may occur under basal conditions
[196]. In contrast, DMT1 expression is controlled by proin-
flammatory cytokines. The proinflammatory cytokine tumor
necrosis factor alpha (TNF-α), lipopolysaccharide, and
interleukin-6 (IL-6) increase DMT1 expression in astrocytes
while simultaneously decreasing ferroportin 1 (FPN-1)
expression [197, 198]. FPN-1 is an iron efflux transporter
so the result of this activity then is to increase total iron
uptake and storage in astrocytes after injury. Excess iron in
the microenvironment of astrocytes upregulates the expres-
sion of ferritin, a rapidly inducible protein which binds and
neutralizes ferrous iron, thus preventing its effects on oxida-
tive stress [199]. Ferritin functions by first converting ferrous
iron to its less reactive state of ferric iron then nucleating this
ferric iron (Fe3+) and storing it within ferritin’s iron core
[200]. Together, the upregulation of iron transporters plus
the upregulation of ferritin allows astrocytes to act as iron

stores, resulting in reduced free ferrous iron in the microen-
vironment where it may contribute to neuronal toxicity.

8. Modulation and Regulation of Immune
Responses in the CNS

Immunological activity in the CNS is relevant for the preven-
tion of pathogenic infection as well as responses to injury
such as stroke and TBI when the BBB is compromised
[201]. Astrocytes play a complex role in responding to such
CNS insults, and their inflammatory status as well as regula-
tion of immune cells is controversial. Astrogliosis is the
defensive reaction of astrocytes to trauma, ischemic damage,
inflammation, or pathological neurodegeneration [35]. Dur-
ing astrogliosis, astrocytes increase at the site of the lesion,
exhibit altered morphology with increased thicknesses of
cellular processes, and display changes in gene expression
related to altered function [32, 35]. The increase in astrocytes
at the site of injury is believed to be due to proliferation
of astrocytes adjacent to the lesion and not due to astro-
cyte migration from neighboring areas of the brain [35].
Astrocytes can be activated to a proinflammatory or
anti-inflammatory phenotype with an associated alter-
ation in their secretome [202–205]. The overall “defensive
response” of astrocytes following injury is highly complex
and has been shown in some studies to exacerbate inflamma-
tion while generally, it is found to mitigate it [35].

The proinflammatory activation of astrocytes and their
expression of proinflammatory cytokines are dependent
upon the nature of the stimulation they receive and their
location in the brain [206]. The activation of proinflamma-
tory astrocytes can occur through multiple mechanisms
including interactions with microglia, in response to cyto-
kines such as IL-1, IL-6 oncostatin M, leukemia inhibitory
factor (LIF), and transforming growth factor-α (TGF-α), in
response to overt physical damage following brain injury,
from interaction with Aβ plaques, or as a result of activation
of the calcium-dependent phosphatase calcineurin [35, 41,
207]. Under normal circumstances, astrocytes aid in the
morphological and physiological development of neurons
and synaptogenesis [208]. However, cell culture studies sug-
gest that inappropriate activation or overactivation of astro-
cytes can induce the production of TNF-α and other
cytotoxic factors that inhibit neurite growth and synapse for-
mation [209]. Additionally, exposure of astrocytes in cell cul-
ture to cytokines, such as interferon-γ (IFN-γ), can induce
their production of nitric oxide which drives the formation
of its toxic metabolite, peroxynitrite [210]. In cell culture, this
does not harm astrocytes but can lead to mitochondrial dys-
function and eventual cell death in cocultured neurons [211].

Astrocytes can also modulate the immune system to
reduce inflammation. Normal human astrocytes were shown
to suppress both monocyte and T cell activation in cell cul-
tures [205]. It was found that astrocytes reduced monocyte
activation, not by secreting IL-10, but by blocking CD80
induction on the monocytes through an undefined mecha-
nism [205]. Astrocytes can also function in a manner to
recruit and direct white blood cells, both leukocytes and
monocytes, to an area of injury, while at the same time
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protecting healthy tissue from inflammatory consequences of
white blood cell invasion [56, 212, 213]. Importantly,
ablation of activated astrocytes in a murine model of spinal
cord injury resulted in greater inflammation, increased neu-
ronal degeneration, and negatively impacted subsequent
motor function, suggesting that the activated astrocytes con-
trol the extent and location of inflammation following injury
[214]. The mechanisms of suppression of inflammation by
astrocytes require further investigation.

9. Tissue Homeostasis under Conditions of
DNA Damage

DNA repair and synthesis are necessary for normal tissue
homeostasis. DNA repair in neurons has been demonstrated
to occur in a nonuniform and, in some cases, inefficient
manner. Due to a decreased antioxidant response, neurons
display increased chromosomal and mitochondrial DNA
lesions that can result in cell death [215]. As compared to
astrocytes, neurons are slower in rejoining DNA double
strand breaks following radiation exposure, and they display
greater cell death after episodes of DNA damage [216]. Inter-
estingly, DNA damage in neurons can induce the production
of cell cycle enzymes, cyclin B, cyclin E, and proliferating cell
nuclear antigen (PCNA) [217, 218]. But this cell cycle pro-
gression precedes apoptotic cell death rather than survival
and proliferation in neurons [219, 220]. Administration of
cell cycle inhibitors after TBI was shown to decrease neuronal
cell death [221]. The reason for this response could be related
to the hypothesis that slower cycling cells repair DNA more
efficiently [222]. In contrast, a murine model of stroke
indicated that a pause of several days occurred in the cell
cycle of astrocytes before they continue to proliferate after
exposure to injury [223]. Such differences in cell cycle control
may mean the difference between life and death at the
cellular level. An ability to repair effectively before allow-
ing for cell proliferation may explain astrocyte survival
postinjury [222].

Neurons do display a limited ability to repair DNA in
both wild type and 7,8-dihydro-8-oxoguanine glycosylase
(OGG1) deficient mice in response to ischemia [224].
OGG1, a DNA glycosylase involved in base excision repair,
protects neuronal mitochondrial DNA from oxidative dam-
age under ischemic conditions [224]. However, the effective-
ness of this repair has been called into question and may
depend on the location of DNA damage within the chromo-
some of the mitochondria. Studies of DNA damage from
radiation in NTERA-2-derived neurons showed that DNA
was efficiently repaired for transcribed genes but inefficiently
repaired in nontranscribed areas, suggesting that chromo-
somal organization plays an important role in the effective-
ness of DNA repair mechanisms in neurons [225].

In contrast to neurons, astrocytes display robust DNA
repair capacities for both nuclear and mitochondrial DNA
[226]. In cell culture assays, astrocytes exposed to menadi-
one, an agent which induces oxidative stress, displayed a
lower mitochondrial DNA strand break frequency and more
efficient DNA repair as compared to all other cell types of the
brain [227]. The mechanisms induced to repair DNA in

astrocytes are multifaceted and include upregulation of both
primary double strand break pathways: nonhomologous end
joining and homologous recombination [228, 229]. Accord-
ingly, astrocytes are better able to protect themselves after
DNA damage as compared to neurons. To do this, they
utilize a hierarchy of mechanisms. Protection of astrocyte
DNA enables prevention of mutations and subsequent loss
of function or induction of cell transformation and carcino-
genesis. This resilience allows astrocytes to respond to and
aid in the protection of neurons and other cell types after
brain damage.

10. Conclusions

Astrocytes are highly involved in the maintenance and pro-
tection of the CNS microenvironment under normal and
pathophysiological conditions. Brain damage can begin with
mechanical damage to cells, as in TBI, or through oxidative
stressors, as in radiation or in neurodegenerative diseases.
While the cause of the damage differs, the consequences are
similar with an unbalance of extracellular nutrients and ions,
damage to the BBB, and excessive release of excitatory neu-
rotransmitters. The resulting conditions can damage mito-
chondria leading to the production of dangerous levels of
ROS that will in turn exacerbate DNA damage and increase
inflammation, ultimately leading to cell death. Astrocyte
maintenance of the ionic and metabolic environment pro-
tects neurons through multiple mechanisms. Astrocytes take
up and sequester excess neurotransmitters, ions, and meta-
bolic products to restore the homeostatic balance. Astrocytes
also take up and process damaged mitochondria from neu-
rons and transfer healthy mitochondria back to injured
neurons. Astrocytes are capable of producing a robust anti-
oxidant response to protect themselves and also neurons,
through the release of glutathione precursors to neurons.
Their role in scar formation allows astrocytes to regulate
and contain the immune responses in a manner that controls
neuroinflammation. Further understanding of the endoge-
nous protective mechanisms provided by astrocytes may pro-
vide new insights that could lead to the development of novel
treatment options for the protection of susceptible cells, such
as neurons, under conditions of acute injury or pathology.
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Stroke has become a more common disease worldwide. Despite great efforts to develop treatment, little is known about ischemic
stroke. Cerebral ischemia activates multiple cascades of cell type-specific pathomechanisms. Ischemic brain injury consists of a
complex series of cellular reactions in various cell types within the central nervous system (CNS) including platelets, endothelial
cells, astrocytes, neutrophils, microglia/macrophages, and neurons. Diverse cellular changes after ischemic injury are likely to
induce cell death and tissue damage in the brain. Since cells in the brain exhibit different functional roles at distinct time points
after injury (acute/subacute/chronic phases), it is difficult to pinpoint genuine roles of cell types after brain injury. Many
experimental studies have shown the association of apoptosis signal-regulating kinase 1 (ASK1) with cellular pathomechanisms
after cerebral ischemia. Blockade of ASK1, by either pharmacological or genetic manipulation, leads to reduced ischemic brain
injury and subsequent neuroprotective effects. In this review, we present the cell type-specific pathophysiology of the early phase
of ischemic stroke, the role of ASK1 suggested by preclinical studies, and the potential use of ASK suppression, either by
pharmacologic or genetic suppression, as a promising therapeutic option for ischemic stroke recovery.

1. Introduction

Ischemic stroke is a heterogeneous neurologic disorder char-
acterized by sudden onset and multiple environmental risk
factors [1, 2]. Ischemic stroke develops as a result of complex
pathomechanisms induced by a critical reduction in cerebral
blood flow (CBF) caused by either sudden or gradual occlu-
sion of cerebral arteries [3, 4]. The brain requires large
amounts of oxygen and glucose from the blood for energy
metabolism; thus, blockage of blood circulation causes
neurologic deficits [3–5]. The epicenter of a stroke, the area
of the brain with crucially impaired blood flow, is referred
to as the “infarct core,” and the neighboring area is referred
to as the “ischemic penumbra” or salvageable area [3–5].
Ischemia-related pathologic reactions can last for days to
weeks in these areas of the brain [4]. The main pathologic
changes involved in ischemic stroke are energy depletion,
calcium overload, excessive reactive oxygen species (ROS)
generation, inflammatory signals, and ion imbalance, all of

which can lead to cell death [3, 5, 6]. These changes are
severely detrimental to neuronal, glial, and endothelial cell
function [5] and lead to platelet activation, reactive gliosis,
immune cell activation, and neuronal cell death in the ische-
mic brain [3, 5, 7]. Over the last decades, various stroke
models have been designed in an effort to find new therapies
for stroke [8]. However, therapeutic candidates from preclin-
ical studies have failed to translate into effective therapies [8].
In this review, we will address the underlying pathophysiol-
ogy of ischemic stroke briefly, focusing on cell type-specific
mechanisms generated from preclinical ischemic stroke
models. Additionally, we discuss apoptosis signal-regulating
kinase 1 (ASK1) as a potential therapeutic target based on
preclinical testing.

2. ASK1

ASK1 is a member of the mitogen-activated protein kinase
kinase kinase (MAPKKK) family, which activates mitogen-
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activated protein kinase kinase (MAP2K: MKK4/MKK7,
MKK3/MKK6) and leads to the subsequent activation of
mitogen-activated protein kinase (MAPK) as part of a signal-
ing cascade [9–12]. ASK1 is endogenously expressed in vari-
ous cell types [13]. It is comprised of 1375 amino acids in
humans and 1379 in mice, and it contains a serine/threonine
kinase domain in the middle region [14]. The phosphoryla-
tion of threonine residues (Thr 838 in human and Thr 845
in mouse) is important for ASK1 activation [10, 15]. In nor-
mal conditions, ASK1 is a homooligomer, which binds to
another ASK1 via its C-terminal coiled-coil domain. The
N-terminal coiled-coil domain of ASK1 binds to thioredoxin
(Trx), which suppresses ASK1 kinase activity [9, 15]. Under
oxidative stress conditions, oxidized Trx is separated from
ASK1, and unbound ASK1 is activated by phosphorylation
[11, 16]. Calcium influx and oxidative stress can elicit phos-
phorylation of the ASK1 Thr residue [10, 15]. In addition,
tumor necrosis factor receptor-associated factor 2 (TRAF2)
and TRAF6 act as positive regulators of ASK1 after hydrogen
peroxide (H2O2) injury [10]. Negative regulators of ASK1,
14-3-3 proteins, block activation of ASK1 in the steady state
by binding to the C-terminal of ASK1 after Ser 966 phos-
phorylation [9, 10, 15]. However, oxidative stress promotes
dephosphorylation of ASK1 at Ser 966 and leads to detach-
ment of 14-3-3, which results in activation of ASK1 [10].
ASK1 is activated not only from oxidative stress but also
from endoplasmic reticulum stress and bacterial infection
[9, 11, 14]. Both Fas death receptor and tumor necrosis factor
(TNF) also activate ASK1 [17, 18]. ASK1 is known as an early
responder to ROS after cerebral ischemia [19]. After expo-
sure to various stimuli, activated ASK1 initiates multiple sig-
naling cascades, including c-Jun N-terminal kinase (JNK)
and p38, and governs cellular mechanisms, including cell
death, growth, and differentiation (Figure 1) [10, 14, 20].
Although ASK1 has previously been known to be mainly

involved in apoptotic cell death [21], recent research has
identified other functions of ASK1, such as its association
with thrombosis, brain edema, inflammatory responses, and
reactive gliosis after cerebral ischemia [19, 22–24].

3. Platelets and ASK1

Ischemic stroke is linked to vascular occlusion due to a
thrombus or emboli in the brain [25]. Platelets are necessary
for thrombosis and thromboembolism formation [26].
Platelet-induced thrombosis is associated with platelet adhe-
sion, activation, and aggregation [27]. Normally, homeostasis
is maintained by coagulation, fibrinolysis, and platelet func-
tion [28]. When homeostasis breaks down, platelets are
involved in thrombus formation through a complex process
[27]. For initial adhesion, platelets make connections
between platelet surface receptors (glycoprotein (GP) Ib-V-
IX complex or integrin αIIbβ3 and α2β1) and adhesive sub-
strates (von Willebrand factor (vWF) and collagen) on an
exposed endothelial extracellular matrix (ECM) [29–31].
The platelet GP IIb/IIIa surface receptor mediates platelet
aggregation through platelet-platelet interactions with extra-
cellular fibrinogen and vWF [25, 27, 29]. These binding
events trigger platelet activation and intracellular signaling
pathways, which induce the production of thrombin and
promote the release of activating factors (granule contents)
(adenosine diphosphate (ADP), epinephrine, and thrombox-
ane A2 (TXA2)) [27]. These factors can increase GP IIb/IIIa
and calcium levels [32, 33]. Upregulated calcium can induce
an increase in phospholipase A2(PLA2) [34]. A previous
study proved the expression of p38, extracellular signal-
regulated kinase 2 (ERK2), and JNK1 in platelets, which
can be activated by thrombin, collagen, vWF, and ADP
[35]. ASK1, expressed in human and murine platelets, has
recently been found to be rapidly activated by different plate-
let agonists (ADP, convulxin, and thrombin) [22]. Genetic
depletion of ASK1 leads to defects in platelet aggregation,
impaired integrin αIIbβ3 activation, and reduced TXA2
generation [22]. In Ask1−/− platelets, inhibition of cyto-
plasmic phospholipase A2 (cPLA2), an important enzyme
in the generation of TXA2, led to a reduction in throm-
bin-, collagen-, and convulxin-induced TXA2 production
[22]. Impaired platelet functions, caused by ASK1 deple-
tion in platelets, result in thrombosis deterioration, which
eventually becomes protective against arterial thrombosis
[22]. Hence, ASK1 serves as an important factor in throm-
bosis, and its activation is associated with an increased risk
factor for ischemic stroke.

4. Endothelial Cells and ASK1

The blood-brain barrier (BBB) consists of a highly specialized
endothelial structure and maintains brain homeostasis by
controlling para- and transcellular transport between blood
and the extracellular space [36]. Brain interendothelial
junction complex contains adherence junctions (vascular
endothelial cadherin, β-catenin), gap junctions (connexins),
and tight junctions (claudins, occludins, and junctional adhe-
sion molecules (JAM)), which are important for constructing

ASK1

p

(oxidative stress,
ER stress, bacterial 
infection, etc.)

MAPKKK 

MAPKK

MAPK

MKK3/6 MKK4/7
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Figure 1: Involvement of ASK1 in the cellular mechanism. After
various stresses, the activated form of ASK1 activates MAPKK
(MKK3/6 and MKK4/7), thereby activating MAPK including JNK
and p38. The ASK1 signaling pathway governs cellular fate such as
apoptosis, growth, and differentiation.
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barriers and cell-cell communication [36–39]. However,
pathological conditions, such as ischemic stroke, can change
BBB permeability and interactions between endothelial cells
[36, 37]. A damaged BBB allows blood to enter the paren-
chyma and causes brain damage [40], followed by cerebral
edema and vasomotor/hemodynamic dysfunctions [40].

Metalloproteinases (MMPs) and proteolytic enzymes
can affect BBB integrity by degrading neurovascular sub-
strates [37, 39]. Deterioration of the BBB caused by
MMP-mediated tight junction degradation is mainly asso-
ciated with MMP-9 [37]. BBB breakdown permits water
into the extracellular compartments and results in vaso-
genic edema in the injured brain [41]. MMPs also contribute
to edema formation [42]. Several reports have concluded
that the excessive activation of MMP-2 and MMP-9 in
the ischemic brain and cerebral endothelium leads to cel-
lular damage [39, 43]. By inhibiting MMPs, vascular hyper
permeability can be reduced by impeding degradation of
gap junction proteins and rearrangement of tight junction
proteins [44]. In this context, MMP-9 knockout contrib-
utes to preventing BBB disruption and enlargement of
brain lesion [45].

Vascular endothelial growth factor (VEGF), a vascular
permeability factor, is involved in the formation of vascular
leakages and vasogenic edema [44]. VEGF has permeabiliz-
ing effects on the endothelium through MMP-9-induced
reduction of tight junction proteins (zo-1, occludin) [44].
Previous studies have shown that administration of recombi-
nant human VEGF165 exacerbates the breakdown of BBB
integrity, which can be prevented by inhibiting VEGF at an
early stage of ischemic stroke [46, 47]. A relationship between
increased activation of MMP-9- and VEGF-induced BBB
leakage had also been identified [48].

Although ASK1 is necessary for angiogenesis and the
recovery of blood flow by direct expression of VEGF and
monocyte chemoattractant protein-1 (MCP-1) after unilat-
eral hindlimb ischemia, ASK1 and VEGF play an impor-
tant role in vascular permeability in cerebral ischemia
[24, 49]. Inhibition of ASK1 reduces ischemia-induced edema
formation and the expression of VEGF and aquaporin-1
(water channel protein) [24]. In addition, ASK1 silencing by
siRNA decreases gene levels of Mmp3, Vegf-a, Vegf-c, and
Aquaporin 12 and 18 [24]. ASK1 inhibition reduces MMP-9
activity in both mice and endothelial cell cultures. These
results suggest a role for ASK1 in suppressing neuronal cell
death [50], based on its profound effect on BBB permeability
and brain edema formation after ischemic stroke.

5. Immune Cells and ASK1

After cerebral ischemia, circulating blood leukocytes migrate
across disrupted vessel walls into the cerebral parenchyma
[40]. During this influx of immune cells, adhesion mole-
cules, such as vascular adhesion molecule-1 (VCAM-1),
intercellular adhesion molecule-1 (ICAM-1), E-selectin,
and P-selectin, promote the transendothelial recruitment of
immune cells [51–53]. Infiltrating immune cells accumulate
in the brain lesion and trigger the release of inflammatory
cytokines, which further promote tissue damage [40].

Peripheral blood cells are involved in a variety of functions,
from cell death to cell recovery, depending on the time
course of the ischemic stroke [54].

Neutrophils are subpopulations of leukocytes, which
exacerbate neuronal damage by participating in the early
stages of ischemic stroke [40, 55]. Transmigrated neutrophils
possess neurotoxic properties and produce cytokines, prote-
ase, chemokines, and ROS [56, 57]. Neutrophils also release
neurotoxic-related neutrophil extracellular traps (NETs),
composed of proteases and decondensed DNA [56]. More-
over, oxygen free radicals and proteolytic enzymes are also
released from penetrated neutrophil [58]. Several studies
have proven that the inhibition of either neutrophil accu-
mulation or adhesion can diminish ischemic brain injury
[55, 58]. Prevention of neutrophil infiltration toward the
ischemic lesion has beneficial effects on the ischemic brain
[59]. Inhibition of neutrophils by anti-neutrophil antibody
(RP3) efficiently reduces the extent of brain infarction and
the cerebral water content [60].

Brain microglia, representative immune cells of the brain,
contribute to the immune systems in the CNS through
defense mechanisms such as phagocytosis [40, 61]. After
acute cerebral ischemia, microglia are activated in response
to the influx of immune cells and become indistinguishable
from macrophages [62–64]. Microglia are activated via the
Toll-like receptor (TLR) pathway in response to cellular
damage after cerebral ischemia and release cytotoxic and
cytoprotective substances [40, 61]. Infiltrated blood-borne
macrophages in infarcted brain tissue are key modulators of
the immune system [63]. Although microglial activation
leads to tissue injury during early stages of cerebral ischemia,
microglia/macrophages participate in tissue recovery during
the late course of ischemia [65]. Astrocytes, fibroblasts, and
endothelial cells, as well as resident microglia and peripheral
macrophage, are involved in the production of inflammatory
cytokines such as interleukin-1β (IL-1β), transforming
necrosis factor-α (TNF-α), and transforming growth
factor-β (TGF-β) [58, 61, 62, 64, 66]. Although microglia
and macrophages are associated with brain plasticity and
recovery at later stages of cerebral ischemia, several studies
have reported that microglia and macrophages induce
neuronal injury through a TLR-4-dependent manner and
trigger the proinflammatory mediator in the acute stages
of ischemic stroke [67–69]. Pharmacological inhibition of
microglia showed protective effects in cerebral ischemia by
inhibiting a microglia-derived inflammatory mediator. Sup-
pression of activated microglia by minocycline led to reduced
brain infarction, improved neurological deficits, and dimin-
ished BBB leakage [70, 71]. Moreover, macrophage-derived
angiopoietin-like protein 2 knockout contributed to reduced
brain injury [67].

ASK1 is closely related to the immune system and is
required in inflammatory responses [14, 72]. It has been
reported that TLR4 activates ASK1 to initiate the MAPK
pathway and thereby express inflammatory-related genes
[73]. MAPK also mediates expression of a variety of
inflammatory genes such as cell surface adhesion mole-
cules, chemokines, and cytokines [74]. ASK1 is linked
to ventilation-induced cytokine production, neutrophil
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infiltration, and cell death in the lung [75]. The TLR/
ASK1/p38 pathway is important in chemokine production
and in triggering neurotoxicity in multiple sclerosis [76].
ASK1 contributes to production of TNF-α and inducible
nitric oxide synthase (iNOS) in primary microglia cell
culture [77]. However, ASK1 knockout in vivo and
in vitro models diminished lipopolysaccharide- (LPS-)
induced upregulation of IL-6, IL-1β, and TNF-α and
diminished LPS-exaggerated injury [9, 14, 72]. LPS-
induced ASK1/p38 signals and cytokine production in
the RAW264.7 macrophage cell line are attenuated by
antioxidants [14]. From previous studies on ischemic
injury, it is known that ASK1 silencing by siRNA reduces
infiltrated macrophages/resident microglia in brain regions
such as the striatum, cortex, and hippocampus, and ASK1
silencing downregulates proinflammatory cytokines such as
IL-6, IL-1β, and TNF-α in the ipsilateral hemisphere at late
stages of cerebral ischemia. In the RAW264.7 macrophage
cell line and BV2 microglia cell line, ASK1 inhibition
diminishes the release of proinflammatory mediators [23].
From a genetic perspective, microarray analysis shows that
ASK1 silencing decreased the gene levels of Il1b, Il6, Cxcl2,
Cxcl1, and Ccl2 [19]. Considering the relationship between
ASK1 and the immune response, ASK1 could be an
important regulator of the inflammatory response after
ischemic stroke.

6. Astrocytes and ASK1

The key roles of astrocytes in the neuronal system are
involved in the maintenance of brain physiology and neu-
ronal support, both structurally and metabolically, through
neurotransmitter regulation (glutamate uptake/release), ion
buffering, scavenging free radicals, enhancing BBB integ-
rity, and regulating water transports [78–81]. However,
astrocytes become hyperactivated in response to ischemic
stress and extend their processes, changing morphology
with the expression of glial fibrillary acidic protein
(GFAP) [7, 78]. Astrocytes migrate toward the injury site
and thus accumulate and produce a glial scar [7, 19, 80].
It has been reported that astrocytes produce and release
either trophic factors (brain-derived neurotrophic factor
(BDNF), fibroblast growth factor-2, and nerve growth
factor (NGF)) or inflammatory cytokines (IL-6, IL-1β,
TNF-α, and interferon-gamma (IFNγ)) [79, 82]. Trophic
factors play crucial roles in neuronal survival and protec-
tion, while inflammatory mediators contribute to brain
injury [18, 63, 83, 84]. Therefore, it is known that astrocytes
play dual roles in the immune system [78]. Although sev-
eral studies have provided evidence of the relationship
between reactive astrocytes and neurogenesis, previous
reports have suggested that reactive astrocytes block neuronal
regeneration [19, 81, 85–87].

ASK1 is present in astrocytes and is strongly expressed
after cerebral ischemia. Readily identified reactive astro-
cytes in ischemic lesions form a glial scar in the chronic
phase of ischemic stroke, which delays extension of neurite
and functional recovery [19]. However, siRNA targeting
ASK1 reduced reactive astrocyte marker GFAP in both

in vivo and in vitro studies, decreased glial scar formation,
andpromotedneuronal plasticity and functional performance
[19]. Moreover, ASK1 deletion suppressed mitochondrial
complex I inhibitor 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine- (MPTP-) induced astrocyte activation and pro-
tected against degeneration of dopaminergic neurons [88].
In addition, p38, a molecule downstream of ASK1, is also
associated with reactive astrogliosis, and a conditional
GFAP/p38 knockout reduced astrogliosis [89]. Therefore,
several lines of evidence show that ASK1 may play a
major role in reactive astrocytes and glial scar formation
after ischemic stroke.

7. Neurons and ASK1

After ischemic injury, neurons are harmed by excitotoxi-
city, acidotoxicity, MMP, nitric oxide (NO), ion imbalances,
and free radicals, which results in neuronal death and cere-
bral damage [90–92]. Inhibition of ATP synthesis in the
mitochondria after ischemia depolarizes neuronal plasma
membranes [92]. Additionally, the intracellular influx of
excess calcium overloads via nonselective cation channels
and calcium channels depolarizes neurons [90]. Membrane
depolarization induces the release of the excitatory neuro-
transmitter glutamate, and the increase in glutamate
concentration can activate the N-methyl-D-aspartate
(NMDA) and α-amino3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA) receptors [92, 93]. Calcium-permeable
NMDA receptors induce further membrane depolariza-
tion, which aggravates calcium overload [92]. Ion imbal-
ances cause excessive ROS in the intracellular system
[94]. Increased NO production and free radicals can
enhance BBB leakage and contribute to apoptotic signaling
cascades [91].

Overexpression of ASK1 promotes apoptotic cell death,
and JNK/p38 MAP kinases closely interact with this process
[95, 96]. Increased ASK1 levels after cerebral ischemia also
induce apoptosis, which leads to neuronal cell death and
the development of infarct lesions [21]. Calcium influx
activates p38 signals in the ASK1+/+ mice-derived neuron,
but these p38 activations are suppressed in the ASK1−/−

mice-derived neuron [10]. ASK1 is closely related to Ca2+/
calmodulin-dependent protein kinase II (CaMK II), which
is activated by calcium influx [10, 97]. It has been reported
that CaMKII directly phosphorylates ASK1 at Thr 838
[10, 15, 97]. CaMKII inhibition reduces Ca2+-induced activa-
tion of ASK1 [15, 97]. NO activates ASK1, and the nitric oxide
synthase (nNOS) inhibitor 7-NI and the NMDA receptor
antagonist MK801 reduce ASK1 activity [98]. In addition,
an AMPA receptor blocker and a free radical scavenger pre-
vent activation of ASK1 and JNK [99]. These previous studies
demonstrated the neuroprotective effects from genetic knock-
down or pharmacological inhibition of ASK1 after cerebral
ischemia [21, 100, 101]. Neuroprotective drugs show benefi-
cial effects by suppression of ASK1/JNK signals [102]. Based
on previous studies, ASK1 may be involved in calcium influx,
oxidative stress, neuronal cell death, and cerebral infarctions
after ischemic stroke. (Table 1).
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8. Conclusion

Ischemic stroke is a complex neurologic disorder with
limited treatment options, which amplifies the need for drug
development. This review focuses on cell type-specific patho-
mechanisms, mainly targeting platelets, endothelial cells,
immune cells, astrocytes, and neurons in preclinical ischemic
stroke models. We focus on ASK1 as a major target molecule
in the etiology of ischemic stroke. Pharmacologic and genetic
inhibition of ASK1 has been shown to provide neuroprotec-
tive effects in cerebral ischemia. Therefore, we would like to
highlight the importance of ASK1 as a key target in drug
development for ischemic stroke.
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Traumatic brain injury (TBI) is a worldwide phenomenon which results in significant neurological and cognitive deficits in
humans. Vitamin D (VD) is implicated as a therapeutic strategy for various neurological diseases now. Recently, inhibition of
the NADPH oxidase (NOX2) was reported to protect against oxidative stress (ROS) production. However, whether alterations in
NOX2 expression and NOX activity are associated with calcitriol (active metabolite of VD) treatment following TBI remains
unclear. In the present study, rats were randomly assigned to the sham, TBI, and calcitriol-treated groups. Calcitriol was
administered intraperitoneally (2 μg/kg) at 30min, 24 h, and 48 h after TBI insult. We observed that calcitriol treatment
alleviated neurobehavioral deficits and brain edema following TBI. At the molecular levels, administration of calcitriol activated
the expression of VDR and downregulated NOX2 as well as suppressed apoptosis cell rate in the hippocampus CA1 region of
TBI rats. In conclusion, our findings indicate that the protective effects of calcitriol may be related to the modulation of
NADPH oxidase and thereby ultimately inhibited the progression of apoptosis. Calcitriol may be promising as a protective
intervention following TBI, and more study is warranted for its clinical testing in the future.

1. Introduction

Traumatic brain injury (TBI) is a worldwide phenomenon
that affects all ages and socioeconomic classes and results in
variation of immediate and delayed motor and cognitive defi-
ciencies [1, 2]. As patients often present with a complexity of
lesions of various severity and regional distributions, the
pathogenesis of TBI is incompletely understood [3]. TBI is
caused by both primary and secondary injury mechanisms.
Primary damage is due to mechanical factors and occurs
immediately at the moment of injury. It takes the form of
intracranial hemorrhage, diffuse axonal injury (DAI), and
surface contusions [4]. In comparison, the secondary injury

is delayed and is produced via complicating processes that
are initiated at the moment of impact but do not present
clinically for a period of hours to days following trauma.
It includes damage due to brain edema, ischemia, and
alterations in neuronal function [4]. Until now, patients
are still inadequately treated because of the lack of effec-
tive therapies on TBI [5]. As a result, to find new effective
therapeutic drugs or to develop novel therapeutic strategies
is an important issue.

Nicotinamide adenine dinucleotide phosphate oxidase
(NADPH oxidase) is a multiunit enzyme composed of sev-
eral subunits that include several isoforms of NOX1–5 [6].
NOX2, a catalytic subunit of NOX, is localized to the cerebral
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cortex and hippocampus CA1 region. Experimental evidence
suggested that overactivated NOX2 significantly contributed
to oxidative damage to neurons in ischemic and traumatic
conditions [7, 8]. Recently, inhibition of the NADPH oxidase
complex was reported to protect against oxidative stress
(ROS) production, blood-brain barrier disruption, and
neuronal death in vivo [9]. Our previous research also
demonstrated that treatment with NADPH oxidase complex
inhibitor attenuated the expression and activation of the
NOX2 protein and reduced brain edema and spatial learning
deficits in TBI rats [8]. Vitamin D (VD), which is most com-
monly associated with the regulation of calcium homeostasis,
is implicated as a pleiotropic secosteroid affecting multiple
aspects of human physiology now [10]. The biologically
active metabolite of VD (calcitriol, 1,25-dihydroxyvitamin
D) exerts its endocrinological influence via a nuclear vitamin
D receptor (VDR). The wide distribution of VDR suggests
that VD may regulate various physiological pathways, such
as brain development, cell cycle control, and immune modu-
lation [11–15]. Moreover, emerging evidence also suggested
that VD is developing as a therapeutic strategy for various
neurological diseases, including depression, Parkinson’s
disease, epilepsy, and traumatic brain injury [16–19]. Our
previous data showed the wide-ranged effects of calcitriol in
the major neurotransmitter systems, providing new evidence
for the role of VD in brain function [20]. However, whether
alterations in NOX2 expression and NOX activity are associ-
ated with calcitriol treatment following TBI remains unclear.

In this experiment, through the treatment of calcitriol
continuity in a rat model of TBI, we sought to assess the pro-
tective effect of ectogenic VD on TBI-induced neurological
impairment and brain edema. We further examined whether
the activation of VDR could attenuate neuron damage via
modulation of the NADPH oxidase and cell apoptosis in
the hippocampus CA1 region following TBI in rats.

2. Materials and Methods

2.1. Animals and TBI Model. Adult male Sprague-Dawley
rats (age 10–12 weeks; weight 300–330 g; Tangshan, China)
were used in this study. The Institutional Animal Care and
Use Committee of North China University of Science and
Technology approved all experiments, which were per-
formed according to the guidelines of the National Institutes
of Health Guide for the Care and Use of Laboratory Animals
(NIH publication number 80-23, revised 1978). The rats were
housed under environmentally controlled conditions in a
12 h light/dark cycle at 25°C and were provided with food
and water. Efforts were made to reduce animal suffering
and minimize the number of animals used for these experi-
ments. A previously described TBI model was utilized [21].
Briefly, after inducing anesthesia with an intraperitoneal
injection of 10% chloral hydrate (3ml/kg), the head of the
animal was fixed on a stereotactic frame. Aseptic techniques
were used throughout the surgery. A midline scalp incision
was performed to expose the skull. A 6mm craniotomy was
performed over the right parietal cortex, centered on the
coronal suture and 2.5mm lateral to the sagittal suture (velo-
city = 5m/s, depth=2.5mm, and dwell time=100ms). The

bone flap was immediately replaced and sealed, and the scalp
was sutured closed. The rectal temperature was maintained at
37°C with heating pads and lamps. The animals were
returned to the feeding room after recovery from anesthesia.
Sham-operated rats underwent procedures identical to those
of the TBI animals, including anesthesia and surgery, but
without TBI.

2.2. Groups and Drug Administration. The 160 adult rats
were each randomly assigned to one of the three groups:
sham-operated (n = 40, sham), TBI model (n = 60, TBI),
TBI + calcitriol treatment (n = 60, calcitriol), or sham+calci-
triol (n = 15) treatment groups. Calcitriol (Sigma, USA,
dissolved in 0.9% saline solution) was administered intraper-
itoneally (2μg/kg) at 30min, 24 h, and 48 h after TBI insult.
The dose was chosen based on previous findings showing
the neuroprotective effects of calcitriol in the animal models
of ischemia/reperfusion (I/R) injury and TBI [22, 23]. Both
sham and TBI groups received equal volumes of saline by
intraperitoneal injection. All investigations were blind, and
the animal codes were revealed only at the end of the behav-
ioral and histological analyses.

2.3. Evaluation of Neurological Scores. At 12 h and 1, 3, 7, and
14 days following TBI, the neurological functions were deter-
mined by neurological severity scores as previously described
[24], a composite of motor, sensory, reflex, and balance tests
(normal score: 2-3; maximal deficit score: 18).

2.4. Evaluation of Brain Edema. Brain edema was evaluated
by the analysis of brain water content with the wet-dry
weight method as described previously [8]. At 3 days follow-
ing TBI or sham operation, rat brains were separated and
weighed immediately with a chemical balance to get wet
weight (WW). Following drying in a desiccating oven for
24 h at 100°C, dry tissues were weighed again to get constant
dry weight (DW). The percentage of water in the tissues was
calculated according to the following formula: %brain
water = ((WW−DW)/WW)× 100.

2.5. Morris Water Maze (MWM) Test. The hippocampus-
dependent spatial learning and memory was assessed in a
MWM test at 7–10 days following TBI as our previous study
[24]. Prior to operation, all rats were trained to find the plat-
form. For each trial, the rat was randomly placed into a quad-
rant start point (N, S, E, or W) facing the wall of the pool and
was allowed a maximum of 60 seconds to escape to the plat-
form. If the rats failed to find the platform within 90 seconds,
they were gently guided to the platform for a maximum of 20
seconds. Maze performance was recorded using a video
camera suspended above the maze and interfaced with a
video tracking system (HVS Imaging, Hampton, UK). The
average escape latency of a total of four trials was recorded.
On the final day, rats were subjected to a space exploring test,
in which the platform was removed. Animals spent percent-
age of time in the target quadrant, and swim speeds were all
evaluated in this test.

2.6. Immunohistochemistry (IHC) Staining. IHC staining was
evaluated at 3 days after TBI or sham operation. After
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perfusion, brain tissues were fixed in 4% paraformaldehyde
solution for 24 h, washed with running water for 4 h, then
dehydratedwith graded alcohol, and embedded inparaffin fol-
lowing standard histological procedures. Formalin-fixed
paraffin-embedded sections (5μm) were blocked with 3%
H2O2 for 20min, followed by incubation with blocking 5%
goat serum for 1 h at room temperature. The sections were
then incubated with the NOX2 primary antibodies (1 : 500
diluted, Santa Cruz, CA, USA) overnight at 4°C, followed by
incubation with secondary biotinylated antibodies (1 : 500
diluted, Santa Cruz, CA, USA) for 1 h. Color was developed
with DAB reagent for 2–10min. Images were captured using
an AxioVision4Acmicroscope system (Carl Zeiss, Germany).

2.7. NOX Activity Assay. The tissue samples of the hippocam-
pal CA1 region were collected at 1, 3, and 7 days post-TBI.
NOX activity analysis was performed as our previous study
[8]. 50μg membrane fractions were used for assaying NOX
enzymatic activity. Relative light units (RLU) were measured
every minute continuously for 5min via a standard lumin-
ometer. The results of NOX activity were calculated as
RLU/μg/minute.

2.8. Double Immunofluorescent Staining.Double immunoflu-
orescent staining was evaluated at 3 days after TBI or sham
operation. After perfusion, brains were removed, post-fixed
in the same fixative for 1 day at room temperature, and
subsequently soaked in 30% sucrose for 2-3 days. After that,
the tissues were embedded in optimal cutting temperature
(OCT) compound. Then, 12μm frozen cross sections were
prepared and examined. The sections were incubated with
mouse polyclonal primary antibodies for NeuN (a marker
of neuron, 1 : 200 diluted, Sigma), GFAP (a marker of glial
cells, 1 : 200 diluted, Santa Cruz, CA, USA), and rabbit poly-
clonal primary antibodies for NOX2 (1 : 200 diluted, Santa
Cruz, CA, USA), respectively. They were incubated with all
primary antibodies overnight at 4°C, followed by a mixture
of FITC and TRITC-conjugated secondary antibodies for
2 h at room temperature. After washing with PBS 3 times
for 10min each, the sections were observed with a fluores-
cence microscope (Olympus Fluoview™ FV1000; Olympus,
Tokyo, Japan).

2.9. Quantification of Confocal Images. The intensity of all
confocal images was quantified using MATLAB software
(version R2013a by Mathworks, Natick, MA, USA) as
described previously [25]. MATLAB is a programming envi-
ronment with built-in image processing tools. The intensity
threshold for injured animals was identified by applying a
multilevel image threshold algorithm using Otsu’s method
in MATLAB [26]. This value was then used as an intensity
threshold for sham-operated and TBI animals. The algo-
rithm digitized each image into a 1024× 1024 matrix. The
individual values contained in the matrix represented the
intensity value of pixels of a particular color, that is, red or
green. Using the threshold value obtained from the algo-
rithm, the image was segmented into two regions: one above
the threshold value and one below. Finally, dividing the seg-
mented area with intensity above the threshold value by the

total image area enabled image quantification. The data were
obtained as the relative area of fluorescence as compared to
the entire area of the image. The data was expressed as the
percentage of area activated in the entire captured field.

2.10. Assessment of Apoptosis. The presence of apoptosis in
the CA1 region of rat hippocampus was assessed by the ter-
minal deoxynucleotidyl transferase-mediated FITC-dUTP
nick end labeling (TUNEL) method following the manufac-
turer’s protocol. Nuclei were counterstained with DAPI.
The number of TUNEL-DAPI-positive cells was counted as
described previously [27]. The counting area was located in
the same position in all groups. For each group, quantifica-
tion was performed in sections from three different rats.
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Figure 1: The effect of calcitriol on TBI-induced neurological
deficits. The time course variation of neurological deficits was
determined by neurological severity score tests. Dates represent
mean± standard error (n = 8, per group). ∗P < 0 01 versus the
sham group; ∗∗P < 0 01 versus the TBI group.
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Figure 2: The effect of calcitriol on TBI-induced brain edema. The
cerebral water content of rats was analyzed 3 days post-TBI or sham
operation. Bars represent mean± standard error (n = 5, per group).
∗P < 0 01 versus the sham group; ∗∗P < 0 01 versus the TBI group.
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2.11. Cell Culture and Stimulation. The HT22 cell line was
a gift from North China University of Science and Technol-
ogy (Tangshan, China). Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin at 37°C in a
humidified atmosphere containing 95% oxygen and 5%
CO2. We changed the medium every 2 days. The HT22 cells
were assigned into 4 groups, including control, control
+H2O2, calcitriol, and calcitriol +H2O2. HT22 cells were
exposed to 100nM calcitriol for 3 h after the cell density
reached roughly 70–80%. In order to study oxidative stress
in vitro, the control +H2O2 and calcitriol +H2O2 groups
were exposed to concentrations of 200μM H2O2 for 3 h,
which could decrease the cell metabolic activity by roughly
50% in a previous study [28].

2.12. Western Blot Analysis. Total protein extracts were
obtained as described previously [29], separated by SDS–
PAGE, transferred to PVDF, and immunoblotted using
specific antibodies against VDR, NOX2, cleaved caspase-3,
Bcl-2, and β-actin (1 : 1000 diluted, Santa Cruz, CA, USA).
The membranes were incubated with secondary antibodies
(1 : 3000 diluted, Santa Cruz, CA, USA) the next day. The
immunoblotted proteins on the membrane were visualized
following development with an enhanced chemilumines-
cence (ECL) detection system, and the densitometric signals
were quantified by using ImageJ software (Image Lab 4.1;
Bio-Rad).

2.13. Statistical Analysis. Data are expressed as the means
± standard error. All tests were performed using SPSS 17.0
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software. Statistical significance was determined using one-
way analysis of variance (ANOVA), and the Student-
Newman-Keuls post hoc test was used to determine differ-
ences among different groups. P value < 0.05 was considered
statistically significant.

3. Results

3.1. The Mortality of Rats. Mortality rate was low in rats
following TBI. Two rats died during the experiments. One
rat was in the TBI model group, and the other was in
the calcitriol group.

3.2. Treatment of Calcitriol Attenuated Neurological Deficits.
The neurological severity scores were observed at 12h to 14
days after TBI or sham operation. Compared with sham-
operated animals, the neurological injury was significantly
increased in the TBI group (P < 0 01). Nevertheless, calcitriol
significantly reduced neurological deficits of rats at 3, 7, and
14 days (P < 0 01 versus the TBI group) (Figure 1). These
observations indicated that the treatment of calcitriol
improved neurological behavior after TBI.

3.3. Treatment of Calcitriol Attenuated the Brain Edema. To
identify the effect of calcitriol on cerebral edema, the analysis
of brain water content was conducted at 3 days post-
TBI or sham operation. Compared with the sham group,

ICH caused a remarkable increase of brain water content
(P < 0 01). And the brain water content of rat brains was
significantly attenuated in the calcitriol group (P < 0 01
versus the TBI group) (Figure 2). These results indicated
that calcitriol attenuated cerebral edema after TBI in rats.

3.4. Treatment of Calcitriol Improved the Learning and
Memory Ability. We next investigated whether calcitriol
administration could improve the spatial memory deficits
induced following TBI. Hippocampus-dependent cognitive
capacity was evaluated using the MWMhidden platform task
at 7–10 days post-TBI or sham operation. Figure 3(a) illus-
trates the effects of calcitriol treatment on learning and mem-
ory ability during latency trials. TBI rats spent a longer time
searching for the hidden platform at 7–10 days postsurgery
(P < 0 01 versus the sham group). However, rats in the calci-
triol group displayed a profoundly shorter latency time at 8–
10 days as compared to those in the TBI group (P < 0 01).
Representative trace diagrams indicating the latency time to
finding the submerged platform at 10 days are depicted in
Figure 3(d). In probe trails characterized by the removal of
the hidden platform (Figure 3(b)), TBI rats displayed a worse
learned bias navigating towards the goal quadrant, which
previously contained the platform. They spent less time in
the goal quadrant than their sham counterparts (P < 0 01).
Calcitriol-treated rats, on the other hand, displayed
improved learned bias, as evidenced by spending more time

1 day 7 days 

TBI + calcitriol

3 days 

VDR 

�훽-Actin 

Sham 

TBI 

1 day 3 days 7 days 1 day 3 days 7 days 

Sham + calcitriol

(a)

Re
la

tiv
e V

D
R 

pr
ot

ei
n

ex
pr

es
sio

n

0

1

2

3

4

5

6

Sh
am

Sh
am

 +
 ca

lc
itr

io
l

TB
I

TB
I +

 ca
lc

itr
io

l

Sh
am

Sh
am

 +
 ca

lc
itr

io
l

TB
I

TB
I +

 ca
lc

itr
io

l

Sh
am

Sh
am

 +
 ca

lc
itr

io
l

TB
I

TB
I +

 ca
lc

itr
io

l

Re
la

tiv
e V

D
R 

pr
ot

ei
n

ex
pr

es
sio

n

0

1

2

3

4
Re

la
tiv

e V
D

R 
pr

ot
ei

n
ex

pr
es

sio
n

0
1
2
3
4
5
6
7

1 day 3 days 7 days

⁎
⁎⁎ ⁎

⁎⁎

⁎⁎

⁎

(b)

Figure 4: The effect of calcitriol on VDR protein expression. Western blot was performed to detect the expression of VDR at 1, 3, and 7 days
in TBI or sham-operated rats. Densitometry analysis of VDR band was corresponding to β-actin. Bars represent mean± standard error
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in the goal quadrant (P < 0 05 versus the TBI group). Repre-
sentative traces obtained during the specified probed trials
are depicted in Figure 3(e). Nevertheless, there were no sig-
nificant differences in swim speeds among groups, indicating
that the observed differences were not a result of the inability
to execute the swim task (Figure 3(c)).

3.5. Treatment of Calcitriol Induced the Expression of VDR.
Western blot was performed to detect the expression of
VDR protein at 1, 3, and 7 days in TBI or sham-operated rats.
There was no significant difference in the expression of GAP-
43 among the sham and TBI groups. Treatment of calcitriol
significantly elevated the expression of VDR protein levels
at 1, 3, and 7 days compared with the TBI group (P < 0 05)
(Figure 4). These results indicated that calcitriol induced
VDR expression in the hippocampus CA1 region of TBI rats.

3.6. Treatment of Calcitriol Attenuated NOX Activity and
Expression of NOX2. IHC staining was evaluated to examine

the role of the major NOX2 isoform of NADPH oxidase
at 3 days after TBI or sham operation. As shown in
Figure 5(a), we could occasionally observe positive cells,
and the positive cells were lightly stained in the sham group.
Obviously, NOX2-positive cells were widely distributed in the
TBI group, staining with a deep color and indicating
enhanced immune reactivity. However, the immune reactiv-
ity of NOX2 in the calcitriol group was weaker than that in
the TBI group. We then performed a colorimetric assay to
determine whether calcitriol treatment reduced NOX activ-
ity. As demonstrated in Figure 5(b), a marked elevation of
NOX activity was observed at 1, 3, and 7 days in the hippo-
campus CA1 region following TBI induction (P < 0 01 versus
the sham group). Calcitriol treatment significantly attenuated
NOX activity compared with the TBI group (P < 0 01). After-
wards, western blot was performed to detect the expression of
NOX2 in the hippocampus CA1 region in TBI or sham-
operated rats (Figure 5(c)). As demonstrated by densitome-
try analysis in Figure 5(d), the NOX2 protein was expressed
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Figure 5: The effect of calcitriol on NOX activity and NOX2 protein expression. (a) Representative IHC staining of NOX2 in the hippocampus
CA1 region from the sham, TBI, and calcitriol-treated groups at 3 days (n = 5, per group). (b) NOX activity was detected via a colorimetric
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at low levels in the sham group. Following TBI, NOX2 levels
were markedly increased at 1, 3, and 7 days (P < 0 01 versus
the sham group). Calcitriol-treated rats, on the other hand,
displayed reduced expression of NOX2 at 1, 3, and 7 days
compared with the TBI group (P < 0 01).

3.7. Treatment of Calcitriol Improved Neuronal Survival in
Hippocampus CA1 Region. To further clarify the roles of
NOX2 in the process of TBI-induced neuronal death, the
colocalization of NeuN and NOX2 was assessed by double
immunofluorescence staining at 3 days after TBI or sham
operation. As shown in Figure 6, staining for NeuN and
NOX2 revealed that TBI induced a profound loss of NeuN
staining with an elevation of NOX2 staining in the hippocam-
pus CA1 region as compared to the sham group (P < 0 01).
Nevertheless, calcitriol treatment strongly suppressed the

elevation of NOX2, whereas it increased the staining of NeuN
(P < 0 01 versus the TBI group). These results indicated that
calcitriol not only attenuated the expression of NOX2 in the
hippocampus CA1 region but also exerted a robust neuro-
protective effect against neuronal death.

3.8. Treatment of Calcitriol Suppressed Apoptosis in
Hippocampus CA1 Region. To evaluate the ability of calcitriol
to inhibit apoptosis, we first used the TUNEL method at 3
days after TBI or sham operation. Our results indicated that
apoptosis cell rate in the hippocampus CA1 region was
remarkably increased after TBI (P < 0 01 versus the sham
group). But the rate of apoptotic cells in the calcitriol group
was significantly reduced compared to that observed in the
TBI group (P < 0 01) (Figure 7). Additionally, the protein
levels of cleaved caspase-3 and Bcl-2 were detected by
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western blot at 1, 3, and 7 days in TBI or sham-operated rats.
As shown in Figure 8, TBI increased cleaved caspase-3
expression whereas attenuated Bcl-2 expression compared
to the sham-operated rats at 1, 3, and 7 days (P < 0 01).
And the levels of cleaved caspase-3 were significantly
decreased in the calcitriol group at 3 and 7 days (P < 0 01 ver-
sus the TBI group). Otherwise, calcitriol dramatically ele-
vated Bcl-2 expression at 1, 3, and 7 days (P < 0 01 versus
the TBI group). These results indicated that calcitriol admin-
istration effectively suppressed apoptosis in the hippocampus
CA1 region post-TBI.

3.9. Treatment of Calcitriol Attenuated NOX2 Expression in
Neurons. To determine the type of cells with elevated NOX2
after TBI, the colocalization of NOX2 and neurons/glial cells

was assessed by double immunofluorescence staining. As
shown in Figure 6, the colocalization of NeuN and NOX2
revealed that the elevated NOX2 after TBI was in neurons.
Otherwise, NOX2 and GFAP do not show colocalization
(Figure 9(a)). As the cell type specificity for NOX2 is deter-
mined, additional in vitro cell culture experiment should be
performed to measure whether calcitriol affects NOX2 activ-
ity or expression in those cells. HT22 cells, an immortalized
mouse hippocampus cell line, are used in vitro for mechanis-
tic studies related to oxidative stress-induced cell death [30].
As demonstrated in Figure 9(b), exposure to H2O2 mark-
edly increased NOX2 levels in HT22 cells (P < 0 01 versus
the control group). Calcitriol-treated cells, on the other
hand, displayed reduced expression of NOX2 compared
with the control +H2O2 group (P < 0 01). These results
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indicated that calcitriol administration attenuated NOX2
expression in neurons.

4. Discussion

It is well known that TBI can result in significant neurological
and cognitive deficits in humans [3]. The purpose of the cur-
rent study was to assess the neuroprotective effects of calci-
triol on TBI. We observed that TBI-induced neurological
deficits were suppressed by calcitriol treatment. And calci-
triol also improved the learning and memory ability of TBI
rats. Traumatic brain edema impairs cerebral perfusion and
oxygenation and increases intracranial pressure, leading to
an expansion of brain volume which has a considerable influ-
ence on morbidity and mortality following TBI [31]. In the
past years, numerous studies proved that traumatically
injured tissue releases substances which enhance both

cytotoxic and vasogenic brain edemas. In particular, such
mediators include Ca+ ions, K+ ions, H+ ions, glutamate, his-
tamine, and oxygen free radicals [32]. Nowadays, therapy of
traumatic brain edema is still mainly symptomatic because
all treatment styles used are directed decreasing intracra-
nial pressure [31]. It still lacks a potent drug to attenuate
traumatic brain edema formation, and it is progressing
to date. Since our previous experiments showed that cerebral
edema reached a peak at 3 days after injury [8, 24, 29], the
water content of the brain tissue was measured at 3 days
in TBI or sham-operated rats in this study. We found that
calcitriol treatment significantly reduced cerebral edema
induced after TBI. Taken together, above results were con-
sistent with a previous study that calcitriol could exert
neuroprotection in various models [16–19]. We hypothe-
size that calcitriol has the potential to become a novel
therapeutics in treating TBI patients.
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VD is most commonly associated with the regulation of
calcium homeostasis [33]. VD2 and VD3 are two exogenous
forms of VD, both of which are biologically inert. The activa-
tion of them requires two-step hydroxylation reaction
involving 25-hydroxylase in the liver and 1α-hydroxylase in
the kidney [34]. The biologically active metabolite of VD
(calcitriol) exerts its endocrinological influence via a nuclear
VDR [35]. The wide distribution of VDR suggests that vita-
min D may regulate various physiological pathways, such as
brain development, inflammation, neurological function,
cell cycle control, and immune modulation and apoptosis
[11–15]. In the present study, at the molecular levels, VDR
expression in the hippocampus CA1 region was significantly
elevated following calcitriol treatment. Firstly, VDR acti-
vation suppressed intracellular Ca2+ through increased intra-
cellular Ca2+ buffering and decreased L-type voltage-sensitive
Ca2+ channels, which caused a reduction of indiscriminate
glutamate release and resultant neurotoxicity [36, 37]. In par-
ticular, cell apoptosis could be stimulated by the neuronal
excitotoxic glutamate release and calcium influx after trauma
[38, 39]. In line with previous studies, we also observed that
calcitriol administration suppressed the high cell apoptosis
rate in the hippocampus CA1 region induced following
TBI. Secondly, Cekic and colleagues have found that activa-
tion of VDR attenuated the inflammatory response induced
by TBI [38]. It has been demonstrated that a post-TBI reduc-
tion of neuroinflammation alleviated brain damage and

decreased neurons apoptosis as well as improved functional
outcomes in previous studies [40, 41]. Thirdly, Kalueff and
colleagues have shown that VDR activation upregulated free
radical scavenging and downregulated oxidative stress [39].
And in vitro research has revealed that the antioxidative
effect was related to increasing expression of intracellular
glutathione [42]. Lastly, activation of VDR could also
enhance microtubule and neuronal cytoskeleton stability
[38], promoting regeneration of the axons postinjury [43].
Thus, the mechanism of calcitriol neuroprotection is com-
plex and multidimensional.

A novel finding here was that calcitriol treatment could
inhibit the “activity” of NADPH oxidase post-TBI in rats.
In the present study, we focused on the expression of NOX2
in the rat TBI model. We found that the effect of calcitriol
was associated with attenuating NOX activity and expression
of NOX2 post-TBI. This phenomenon reveals that NOX2-
dependent NADPH oxidase activity was inhibited by calci-
triol. Previous studies using NOX2 mutant knockout mice
or the specific NOX2 inhibitor, gp91ds-tat, found that TBI
damage to the brain was likewise significantly attenuated in
NOX2 knockout mice or the gp91ds-tat group [44, 45].
NOX2 has been shown to be highly expressed in the hippo-
campus and contribute significantly to neuronal cell death
and functional impairments after TBI [8, 46]. Therefore, we
evaluated neuronal damage in the hippocampus CA1 region
using immunostaining for NeuN. The results showed
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Figure 9: Calcitriol affects NOX2 expression in neurons. (a) Double immunofluorescent staining of NOX2 and GFAP. NOX2 and GFAP do
not show colocalization. (b) Western blot analysis of NOX2 bands in HT22 cells. Densitometry analysis of NOX2 band corresponding to
β-actin. Bars represent mean± standard error (n = 5). ∗P < 0 01 versus the control group; ∗∗P < 0 01 versus the control +H2O2 group.
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marked morphological changes and neuronal loss in the TBI
group. Immunostaining results also revealed that NOX2 was
highly expressed in the hippocampal CA1 region at 3 days
after TBI. The results of western blot depicted that NOX2
protein expression was enhanced at 1–7 days following TBI
induction. Treatment with calcitriol not only reduced protein
expression of NOX2 but also markedly increased neuronal
survival. These results indicate that following TBI, NOX2
activation is pivotal in the additional aggravation of second-
ary brain injury. Our findings are similar to those of Dong
et al., who demonstrated that in vivo and in vitro activation
of VDR with calcitriol improved endothelial function and
thus prevented NADPH oxidase overproduction [47].

TBI secondary injury is delayed and is believed to result
from a combination of pathological factors after trauma.
Evidence implied that neuronal apoptosis plays an impor-
tant role in the secondary injury of TBI [48]. Sequential acti-
vation of caspases, a family of proteases, plays a pivotal role
in cellular apoptosis in the central nervous system. Apopto-
tic stimuli such as ischemic injury trigger the activation of
initiator caspases and subsequently the caspase cascade,
finally leading to apoptotic cell death [49]. Of the various
subtypes of caspases, caspase-3 is the principal caspase
involved in neuronal cell death [49]. Otherwise, Bcl-2 plays
an important role in the process of oxidative stress-
induced apoptosis [50]. An in vivo study by Tortosa et al.
has demonstrated that Bcl-2 protected neurons against oxi-
dant stress and apoptosis [51]. It has also been reported that
Bcl-2 blocked the release of apoptotic factors from the mito-
chondria into the cytoplasm, maintaining mitochondrial
integrity in vitro [52]. Our results show that calcitriol treat-
ment resulted in decreased cleaved caspase-3 protein levels
but increased the Bcl-2 protein levels in the hippocampus
CA1 region, which ultimately inhibited the progression of
apoptosis after TBI. Although these data provide further evi-
dence for the protective effect of calcitriol against TBI, it
should be noted that the chronic use of calcitriol may cause
hypercalcemia and calcitriol toxicity is strongly dependent
on the duration and frequency of administration. Therefore,
while the present study chose the relatively high dose of
calcitriol based on previous findings to protect the brain
from acute injury, further studies should be cautious to
the drug-induced hypercalcemia, especially concerning the
long-term use.

5. Conclusion

The present study showed that the administration of calci-
triol alleviated neurobehavioral deficits and brain edema
following TBI. These effects may be generated through the
activation of VDR expression and thereby downregulated
NOX2 activity as well as suppressed neuronal apoptosis.
Calcitriol may be promising as a protective intervention
after TBI, and more study is warranted for its clinical testing
in the future.
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Although studies have seen dramatic advances in the understanding of the pathogenesis of stroke such as oxidative stress,
inflammation, excitotoxicity, calcium overload and apoptosis, the delivery of stroke therapies is still a great challenge. In this
study, we designed and synthesized a series of novel twin compounds containing tetramethylpyrazine and carnitine
substructures and explored their therapeutic potential and mechanism in stroke-related neuronal injury. We first screened the
neuroprotective effects of candidate compounds and found that among the tested compounds, LR134 and LR143 exhibited
significant neuroprotection as evidenced by reducing cerebral infarct and edema, improving neurological function as well as
blood-brain barrier integrity in rats after cerebral ischemia/reperfusion injury. We further demonstrated that the
neuroprotective effects of compounds LR134 and LR143 were associated with the reduced inflammatory responses and NADPH
oxidase- (NOX2-) mediated oxidative stress and the protection of mitochondria accompanied by the improvement of energy
supply. In summary, this study provides direct evidence showing that the novel twin compounds containing
tetramethylpyrazine and carnitine substructures have neuroprotective effects with multiple therapeutic targets, suggesting that
modulation of these chemical structures may be an innovative therapeutic strategy for treating patients with stroke.

1. Introduction

Stroke is one of the leading causes of death and acquired
disability in the world. Although studies have seen dramatic
advances in the understanding of the pathogenesis of stroke
such as oxidative stress, inflammation, excitotoxicity, cal-
cium overload, and apoptosis, the delivery of stroke therapies
is still a great challenge. One of the major reasons is that
many current therapies specifically focus on a single patho-
genic factor which are not efficacious clinically. Therefore,
it is essential to expand the narrow repertoire of therapeutic
applications and develop new therapeutic agent candidates
with multiple therapeutic targets in the vicious cascade of
stroke [1].

Blood-brain barrier (BBB) is considered the main obsta-
cle that prevents most systematically administrated drugs
from entering the central nervous system (CNS), which, to
some extent, accounts for the great challenge in stroke
therapy [2]. L-carnitine, an endogenous compound, is
responsible for energy production via transporting long-
chain free fatty acids from the cytosol to mitochondria for
β-oxidation. In addition, L-carnitine and its derivatives have
high efficiency of transmembrane transport properties via
certain transporters, such as organic cation/carnitine trans-
porter (OCTN) 2, OCTN3, and amino acid transporter B
(ATB), which are particularly helpful for the transportation
of drugs and their metabolites directly to the target sites [3].
Studies have demonstrated that in the central nervous sys-
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tem, L-carnitine can be accumulated in neuronal cells. Com-
pared with hydrophilic L-carnitine, acetyl-L-carnitine is
much easier to go through the BBB [4]. Therefore, we pre-
pared a series of novel carnitine esters by the introduction
of a variety of hydrophobic groups into the primary structure
of L-carnitine to improve the liposolubility, which is propi-
tious to the drug delivery function.

Tetramethylpyrazine (TMP), a biologically active ingre-
dient derived from the traditional Chinese herbal medicine
Ligusticum chuanxiong Hort, was demonstrated to possess
potent effects of thrombolysis, neuronal, and vascular protec-
tion [5, 6]. However, the characteristics of weak organic base
and short half-life of TMP limit its clinical application. Thus,
2-hydroxymethyl-3,5,6-trimethylpyrazine (HTMP), one of
the most active metabolites of TMP which processes longer
half-life and has similar beneficial effects as TMP, becomes
a promising candidate instead of TMP. The lipophilic pro-
drug of HTMP, 2-hydroxymethyl-3,5,6-trimethylpyrazine
palmitate, was further demonstrated to improve the systemic
availability and efficacy of HTMP [7].

In this study, on the basis of the potential neuroprotective
effects of HTMP and the drug delivery property of carnitine
esters, we designed and synthesized a series of novel twin
compounds through integrating HTMP and different carni-
tine esters into one molecule based on structural combina-
tion principles [8]. Our studies showed that these new
compounds exhibited great neuroprotective effects on exper-
imental ischemic stroke, which were associated with the
reduced inflammatory responses and NADPH oxidase-
(NOX2-) derived oxidative stress and the protection of mito-
chondrial structure and function accompanied by the
improvement of energy supply.

2. Materials and Methods

2.1. Chemicals. 2-Hydroxymethyl-3,5,6-trimethylpyrazine-
carnitine ester twin compounds and their precursors
(Figure 1) used in this study were synthesized, purified,
and characterized by the Key Laboratory of Neuroprotec-
tive Drug Discovery of Shandong Province (Patent number

ZL 200810014211.5). The purity of the tested candidate
compounds is more than 99%, analyzed by high-
performance liquid chromatography (HPLC). Candidate
compounds were dissolved in sterile PBS, and an equivalent
amount of PBS was added to a sham-operated or model
control group as a vehicle.

2.2. Animals. Male Sprague-Dawley rats (10 to 12 weeks old;
weighing 300± 20 g) were obtained from Vital River Inc.
(Beijing, China). All animals had unrestricted access to
food/water, and all animal protocols were approved by the
Institutional Animal Care and Use Committee of Shandong
University and conducted in accordance with the National
Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals.

2.3. Model for Transient Focal Cerebral Ischemia and
Treatment. Transient middle cerebral artery occlusion
(MCAO) was induced in male Sprague-Dawley rats as
described [9]. In brief, animals were fasted overnight but
were allowed free access to water. After anaesthesia with
intraperitoneal injection of pentobarbital sodium (30mg/kg),
unilateral MCAO was performed by inducing a suture with
0.26mm diameter and 0.36mm round tip (Sunbio Biological
Technology Co., Ltd., Beijing, China) into the internal carotid
artery. A successful occlusion was indicated by a decrease in
the regional cerebral bloodflow(rCBF) to<20%of thebaseline
by transcranial laserDoppler (Perimed, Jarfalla, Sweden)mea-
surement in the area of the cerebral cortex supplied by the
MCA. After 2 hours of MCAO, the suture was carefully
removed to restore blood flow under anaesthesia and
reperfusion was confirmed by an immediate increase in
rCBF. The representative results for rCBF detection were
shown in Figure S1 in Supplementary Material. During and
after surgery, rectal temperature was controlled with a
homeothermic blanket and kept at 37°C until the complete
recovery of the animal from anaesthesia. Twenty-four hours
after reperfusion, the rats were deeply anaesthetized and then
decapitated. The sham-operated groups were subjected to the
same procedure except for occlusion of the MCA. Animals
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Figure 1: The chemical structures of 2-hydroxymethyl-3,5,6-trimethylpyrazine-carnitine ester twin compounds.
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received a single intravenous injection via tail vein of the
tested compounds, vehicle, or positive control drugs at differ-
ent time points before or after MCAO.

2.4. Neurological Function and Infarct Volume Assessment.
Twenty-four hours after reperfusion, the rats were scored for
neurological deficits according to the 5-tiered neurological
scoring system. A score of 0 reflects that the rat had no observ-
able neurological deficit, 1 indicates that the rat failed to
extend contralateral forepaw fully, 2 indicates that the rat
was circling to a direction contralateral to infarct when walk-
ing, 3 indicates that the rat was falling in a direction contralat-
eral to infarct when walking, and 4 reflects that the rat could
not walk spontaneously and had a depressed level of con-
sciousness [10]. Infarct volume was determined by 2,3,5-tri-
phenyltetrazolium chloride (TTC; Sigma-Aldrich, St. Louis,
MO, USA) staining [11]. Six coronal sections were stained
with 2% TTC for 30 minutes at 37°C in the dark. Infarct vol-
ume was calculated as the thickness of the section multiplied
by the total infarction areas (white part) in all brain sections.
In order to correct the deviation from postischemic edema in
the infarct area, an edema index was calculated by dividing
the total volume of the hemisphere ipsilateral toMCAOby that
of the contralateral hemisphere. The accurate infarct volume
adjusted for edema was calculated by dividing the infarct vol-
ume by the edema index. The result of the ischemic volume
was expressed as a percentage of the contralateral side [12].

2.5. Blood-Brain Barrier (BBB) Permeability. BBB permeabil-
ity was evaluated by the Evans blue extravasation method.
Evans blue (2% in saline, 4mL/kg; Sigma-Aldrich) was given
intravenously at the onset of reperfusion. Twenty-four hours
after reperfusion, rats were transcardially perfused with
saline to remove the intravascular dye. Each hemisphere
was sectioned and photographed, then homogenized in
50% trichloroacetic acid and centrifuged. The supernatant
was measured for absorbance at 620 nm by a full-
wavelength Varioskan Flash (Thermo Electron Corpora-
tion, USA). The results were expressed as μg/g tissue cal-
culated against a standard curve [13].

2.6. Morphological Examinations. Hematoxylin and eosin
(H&E) and 0.1% cresyl violet staining (Nissl staining)
methods were used to determine the neuronal morphology
in the cerebral cortex as described previously [14, 15]. To
examine the ultrastructural changes in neurons and mito-
chondria, ultrathin sections were obtained with an ultrami-
crotome (UltraCut-UCT, Leica, Austria); after being stained

with 2% uranyl acetate and lead citrate, samples were
observed under a Zeiss EM109 (Carl Zeiss Inc., Thornwood,
NY, USA) transmission electron microscopy as previously
described [16].

2.7. Terminal Deoxynucleotidyltransferase- (TdT-) Mediated
Deoxyuridine Triphosphate (dUTP) Nick End Labeling
(TUNEL) Assay. Cells in the paraffin-embedded brain sec-
tions were detected by an in situ cell death detection kit,
TMR red staining, according to the manufacturer’s
instructions (Roche Diagnostics GmbH, Germany) as
described [17].

2.8. RNA Extraction and RT-PCR. Total RNA was isolated
from brain tissue and cells by using the TRIzol reagent
(Invitrogen) as described previously [9]. The mRNA levels
for target genes were analyzed by real-time quantitative RT-
PCR using a Bio-Rad iCycler system (Bio-Rad, Hercules,
CA). The specific primers for target genes in this study are
listed in Table 1. The level of the housekeeping gene GAPDH
was used as an internal control for the normalization of RNA
quantity and quality differences among the samples.

2.9. Immunofluorescence. Immunofluorescent staining was
performed as described [18]. Primary antibodies to CD68
and Ly6B (Abcam, Cambridge, MA) were used to detect
the infiltration of macrophages and neutrophils, respectively,
and primary antibodies to mouse anti-NOX2 (gp91; BD
Company, Franklin Lakes, NJ) and rabbit anti-NeuN anti-
bodies (Abcam) were used for the identification of NOX2
expression in neurons. Images were obtained by confocal
laser-scanning microscopy using an LSM780 laser-scanning
confocal microscope (Carl Zeiss, Germany) equipped with a
Plan-Apochromat at 63x/1.4 objective. The total integrated
density (IOD) for sections from different groups was ana-
lyzed by using the ImageJ analysis software (National Insti-
tutes of Health). The relative fluorescence intensity was
used for statistical analysis.

2.10. Electron Spin Resonance (ESR) Detection of Superoxide
(O2

•−). To detect O2
•− production, the electron spin reso-

nance (ESR) assay was performed as described previously
[19]. A spin trap, 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tet-
ramethylpyrrolidine (CMH; Enzo Life Sciences, USA), was
prepared in the premixed Krebs Hepes Buffer (KHB)
containing deferoxamine (100μmol/L; Sigma-Aldrich) and
diethyldithiocarbamate (5μmol/L; Sigma-Aldrich) with a
final concentration of 1mmol/L. After being immediately
homogenized, the mixtures containing brain tissue or

Table 1: Primer pairs of target genes used for real-time RT-PCR in this study.

Genes Accession number Forward Reverse

IL-1β NM_031512.2 CCAAGCCCTTGACTTGGGCTGTC TGGGTCCTCATCCTGGAAGCTCC

TNF-α XM_008772775.1 CCACCACGCTCTTCTGTCTA TTTGCTACGACGTGGGCTAC

IL-6 NM_012589.2 CCGGAGAGGAGACTTCACAGAG CAGTGCATCATCGCTGTTCATAC

MCP-1 NM_031530.1 CTGGGCCTGTTGTTCACAGTTGC CTTTGGGACACCTGCTGCTGGTG

NOX2 NM_023965.1 TGTGGCTGTGATAAGCAGGA TCCCACTAACATCACCACCT

GAPDH NM_017008.4 TGCATCCTGCACCACCAACTGC ACAGCCTTGGCAGCACCAGTGG
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cultured cells were loaded into glass capillaries and immedi-
ately analyzed for O2

•− formation kinetics in a Broker ESR
A300 spectrometer (Bruker BioSpin Inc., Switzerland). The
acquisition ESR parameters were as follows: biofield, 3488;
sweep width, 500G; microwave frequency, 9.78GHz; micro-
wave power, 20mW; modulation amplitude, 3G; modulation
frequency, 100kHz; sweep time, 83 s; and receiver gain,
2.0×103. The ESR signal strength was recorded in arbitrary
units, and the final results were expressed as the fold changes
of the treated group compared to the sham-operated or control
group. A synthetic cell-permeablemimetic of SOD,manganese
(III) tetrakis (1-methyl-4-pyridyl) porphyrin pentachloride
(MnTMPyP, 500μmol/L for cells and 5mg/kg for animals;
Sigma-Aldrich), was used as a positive control in this study.

2.11. Isolation of Mitochondria. Mitochondria and the cyto-
plasm were fractionated using a mitochondrial isolation kit
(Pierce, Rockford, IL, USA) for brain homogenates or cul-
tured cells by a density gradient centrifugation method
according to the manufacturer’s instructions as described
[20]. All procedures were conducted at 4°C. In brief, the brain
tissue or cultured cells were disrupted with a Dounce homog-
enizers in ice-cold mitochondrial isolation buffer manually
by ten slow up-and-down strokes. Homogenates were centri-
fuged at 1000×g for 3 minutes at 4°C, and the postnuclear
supernatant was centrifuged at 12,000×g for 15 minutes at
4°C. Mitochondrial pellet was resuspended with 50mmol/L
Tris-HCl (pH7.4).

2.12. Western Blot Analysis. Brain homogenates, cultured
cells, and isolated mitochondria and cytoplasm were exam-
ined by Western blot analysis [21]. A primary antibody to
NOX2 was from BD Company (Franklin Lakes, NJ), and
antibodies to AMPK, phosphor-AMPK (Thr172), and cyto-
chrome C were from Cell Signaling Technology (USA). The
membrane was reprobed with a primary antibody to
GAPDH (Santa Cruz, USA) and COX IV (Cell Signaling
Technology) to document the loading controls in whole cell
homogenates and cytoplasm and mitochondria, respectively.
MnTMPyP was used as a positive control for observing the
expression level of NOX2.

2.13. ATP Content. The total ATP content in the brain tissue
and cells was determined by using a luciferin-luciferase assay
kit (Roche Diagnostics). In brief, homogenized brain tissues
and cells were lysed in distilled water, and proteins were
precipitated by addition of 5% HClO4. After centrifugation,
an aliquot of the supernatant was adjusted to pH7.7 by addi-
tion of saturated KHCO3 solution. After dilution, the ATP
concentrations of the aliquots were determined by a full-
wavelength Varioskan Flash according to the manufacturer’s
protocol [22].

2.14. Cell Culture and Treatments. The neuron-like rat
pheochromocytoma cell line PC12 (Shanghai Cell Bank, Chi-
nese Academy of Sciences) was cultured at 37°C in DMEM
(Invitrogen, Gaithersburg, MD, USA) supplemented with
10% fetal bovine serum (Invitrogen), 100U/mL penicillin,
and 0.1mg/mL streptomycin (Sigma-Aldrich). The model
of oxygen-glucose deprivation (OGD) was induced by

incubating cells in a hypoxic environment for 1 hour
followed by 24 hours of reoxygenation as described previ-
ously [23]. The tested compounds or vehicle was added 2
hours prior to OGD treatment.

2.15. Measurement of Cell Viability and Death. Cell viability
was determined by Cell Counting Kit-8 (CCK-8; Dojindo,
Kumamoto, Japan) through the reagent WST-8 as described
previously [24]. Treated cells were incubated in 10% CCK-8
that was diluted in normal culture medium at 37°C until
the visual color conversion occurred. Optical density (OD)
values were assessed at 450nm using a full-wavelength
Varioskan Flash. Cell death was determined by phycoerythrin
(PE) annexin V in conjunction with 7-aminoactinomycin
(7-AAD) staining by using the PE Annexin V Apoptosis
Detection Kit (Becton-Dickinson, San Jose, CA) according
to the manufacturer’s protocol.

2.16. Intracellular Ca2+ Concentration Measurement. The
levels of intracellular Ca2+ concentration ([Ca2+]i) were
measured using fluorescent dye Fluo-3/AM (Invitrogen),
which is a cell-permeable fluorescent indicator of intracellular
Ca2+ and is nonfluorescent until it is hydrolyzed intracellu-
larly and/or in the presence of Ca2+. Cells were incubated with
5μM Fluo-3/AM for 30 minutes at 37°C. The fluorescence
intensity of Fluo-3/AM probes was analyzed with an excita-
tion wavelength of 488nm/an emission wavelength of
530 nm by flow cytometric analysis [25]. An L-type calcium
channel inhibitor nimodipine (100μmol/L; Sigma-Alrich)
was used as a control.

2.17. Measurement of the Mitochondrial Membrane Potential
(MMP; ΔΨm). The change in the MMP from iso-
lated mitochondria was assessed using the fluorescent
probe 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylimidacarbo-
cyanine iodide (JC-1; Becton & Dickinson Company, USA).
J-aggregates and JC-1 monomer were assessed by flow
cytometry (Beckman, USA) with an excitation wavelength
of 525nm/490 nm and emission wavelength of 590nm/
530 nm, respectively. The mean fluorescence intensity ratio
of JC-1 monomer (green fluorescence) to J-aggregates (red
fluorescence) represents for the decrease in the mitochon-
drial membrane potential which is positively correlated with
mitochondrial damage [26]. An inhibitor of mitochondrial
permeability transition pore (mPTP), cyclosporine A (CsA,
50μmol/L; Sigma-Alrich), was used as a control.

2.18. Statistics. All data are expressed as means± SD. The
significance of the differences in mean values between and
within multiple groups was examined by one-way analysis
of variance (ANOVA) followed by Duncan’s multiple range
test (GraphPad Software Inc., USA). P < 0 05 was considered
statistically significant.

3. Results

3.1. Primary Screening of Twin Compounds Containing
HTMP and Carnitine Substructures in OGD-Induced Cell
Death and in Experimental Ischemic Stroke. We first evalu-
ated the protective effects of HTMP-carnitine ester twin

4 Oxidative Medicine and Cellular Longevity



compounds on PC12 cells under OGD condition using the
CCK-8 assay, and the concentration for 50% of the maximal
effect (EC50) was calculated by plotting the dependence
between drug concentration and percentage of protection
on OGD-induced cell death [27]. As shown in Table 2,
among the ten candidate compounds, the EC50 of four can-
didates (LR134, 137, 140, and 143) was less than 100 nmol/L
and the compound LR134 (with the minimum EC50) was
selected for further in vivo dose and time screening study.
We applied the compounds 120 minutes and 30 minutes
before MCAO and immediately (0 minute) after MCAO.
Compared with the vehicle-treated I/R group, the neurobe-
havioral manifestations (Figure 2(a)), infarct volume), and
edema index (Figure 2(b) and 2(c)) were significantly
reduced in the LR134-administrated group at 30 minutes
before MCAO and 0minute after MCAO, which is consistent
with the pharmacokinetics results showing that after a
single intravenous administration, the peak time of the
compound LR134 in the rats’ brain is about 30 minutes.
As for dose screening, 2.5 and 5mg/kg LR134-treated
groups showed significant neuroprotection as compared
with the vehicle-treated group. Therefore, we chose the
minimal tested protective molar doses (2.5mg/kg of
LR134, 6.82μmol/kg) and 30 minutes before MCAO
showing more obvious protective effects for further studies.
Meanwhile, administration of LR134 had no effects on
cerebral function under sham-operated states (Figure S2 in
Supplementary Materials).

3.2. Both LR134 and LR143 Protected against Cerebral
Ischemia Reperfusion (I/R) Injury in Rats. At the equal molar
dose (6.82μmol/kg) and 30 minutes before MCAO, we
found that besides the compound LR134, administration
of the compound LR143 also decreased infarct size
(Figure 3(a)), neurological deficit (Figure 3(b)), edema
index (Figure 3(c)), and BBB permeability (Figure 3(d)),
while the compounds LR137 and LR140 had no significant
protective effects on experimental ischemic stroke at the
same dose. However, the precursors of the compounds,
L-carnitine and HTMP, had no significant protective
effects on cerebral I/R injury at the same dose.

3.3. LR134 and LR143 Ameliorated Neuronal Injury in Rats
with Ischemic Stroke. To further assess the neuroprotective
effects of these two candidate compounds in ischemia-
evoked neuronal injury, H&E staining was used to examine
morphological features of injured neurons in the cerebral
cortex, cresyl violet (Nissl staining) was used to examine
the surviving cells of neurons, and TUNEL staining was used
to assess the neuronal cell death. We found that I/R induced
severe neuronal necrosis (Figure 4(a)), a significant reduction
in Nissl substance (Figure 4(b)) indicating the loss of surviv-
ing neurons, and an increased number of TUNEL-positive
cells (Figure 4(c)). However, administration of LR134 and
LR143 significantly ameliorated neuronal injury.

3.4. LR134 and LR143 Reduced Inflammatory Responses and
NOX2-Mediated Oxidative Stress in Rats after Cerebral
Ischemia Reperfusion (I/R) Injury. As shown in Figures 5(a)

and 5(b), cerebral I/R markedly enhanced the mRNA levels
of proinflammatory mediators consistent with the increased
Ly6B-positive neutrophils and CD68-positive macrophage
infiltration, which was significantly attenuated by LR134
and LR143. Considering that NADPH oxidase-mediated oxi-
dative stress significantly contributes to cerebral I/R injury,
we further measured O2

•− production and the expression of
NOX2, a major functional subunit of NADPH oxidase dur-
ing ischemic stroke. The result showed that the O2

•− level
was markedly increased in the brain after MCAO
(Figure 5(c)), which was consistent with the increased
expression of NOX2 (gp91phox) (Figure 5(d)). The results
from coimmunofluorescence staining for NOX2 and a neu-
ronal marker NeuN indicated the upregulation of NOX2 in
neurons (Figure 5(e)). Pretreatment of LR134 and LR143
markedly decreased O2

•− production and NOX2 expression
induced by I/R injury.

3.5. LR134 and LR143 Improved Energy Metabolism and
Mitochondrial Dysfunction. By the measurement of ATP
content in dissociated brain tissues, we found that pretreat-
ment of the compounds LR134 and LR143 significantly
improved energy metabolism in experimental ischemic
stroke (Figure 6(a)). Since the AMP-activated protein kinase
(AMPK) is a critical energy sensor in all types of cells, we
thenmeasured the activation of AMPK presented by the ratio
of the phosphorylation form of AMPK on Thy 172 to total
AMPK. It was found that LR134 and LR143 remarkably
reduced AMPK activity (Figure 6(b)). Considering the
importance of mitochondrial dysfunction in the ischemic
stroke, we then evaluated the effects of LR134 and LR143
on both structure and function of brain mitochondria. The
significant decrease in the mitochondrial membrane poten-
tial (MMP) indicated mitochondrial damages in I/R groups,
while pretreatment of the compounds LR134 and 143
ameliorated mitochondrial damages (Figure 6(c)). The ultra-
structural analysis revealed the presence of abnormally and
irregularly swelling mitochondria with shortening and
disintegrating cristae, as well as the vacuole in ischemic
brains. Pretreatment with LR134 and LR143 improved

Table 2: Primary screening of neuroprotection and calculated
median effective concentration (EC50) of 2-hydroxymethyl-3,5,6-
trimethylpyrazine-carnitine ester twin compounds on oxygen-
glucose deprivation- (OGD-) injured PC12 cells.

Compound R EC50 (nmol/L)

LR102 CH2CH3 >100
LR109 CH=CH-Ph >100
LR120 CH3 >100
LR134 CH2CH2CH3 43.92± 10.93
LR137 CH(CH3)2 75.23± 13.36
LR140 (CH2)3CH3 50.88± 6.30
LR143 CH2CH(CH3)2 58.03± 11.36
LR146 (CH2)4CH3 >100
LR149 (CH2)7CH3 >100
LR152 (CH2)7CH=CH(CH2)7CH3 >100
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Figure 2: Primary time and dose screening of the compound LR134 in experimental ischemic stroke. (a) Neurological deficit scores showing
neurobehavioral manifestations in LR134-treated cerebral ischemic rats at different administration times. (b) Representative photographs of
2,3,5-triphenyltetrazolium chloride (TTC) staining in LR134-treated cerebral ischemic rats at different administration times. (c) The cerebral
edema index and calculated infarct volume in different groups of rats. ∗P < 0 05 versus sham-operated (sham) group, #P < 0 05 versus
ischemia reperfusion- (I/R-) vehicle group (n = 8).
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mitochondrial structure as evidenced by the presence of
regularly rounded appearance with increased number of
elongated cristae (Figure 6(d)). Subsequently, the release of
cytochrome C from mitochondria into the cytoplasm was

also observed to detect the mitochondrial function. As shown
in Figure 6(e), Western blot showed elevated levels of cyto-
chrome C in the cytosol and concomitantly lower levels in
mitochondria of ischemic brain tissues, indicating that this
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Figure 3: Both LR134 and LR143 protected against cerebral ischemia reperfusion (I/R) injury in rats. (a) Representative photographs of TTC
staining and calculated infarct volume showing the effects of candidate 2-hydroxymethyl-3,5,6-trimethylpyrazine-carnitine ester twin
compounds in rats with cerebral I/R injury. (b) Neurological deficit scores in ischemic rats with different treatments. (c) The cerebral
edema index in ischemic rats with different treatments. (d) Representative images of brain slices after Evans blue injection and calculated
Evans blue intensity in ischemic rats with different treatments. ∗P < 0 05 versus sham group, #P < 0 05 versus I/R-vehicle group (n = 8).
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apoptogenic factor was released from mitochondria to the
cytoplasm. Moreover, LR134 and LR143 inhibited the release
of cytochrome C into the cytoplasm.

3.6. Compounds LR134 and LR143 Improved Cellular
Viability via Mitochondrial Protection in PC12 Cells under
OGD Condition. We then performed in vitro studies to con-
firm the protective effects of the candidate twin compounds.
We provided experiments for the screening of the optical
concentration and reoxygenation time for further study.
The results showed that incubated cells with a series of con-
centrations of LR134 (10−9 to 10−6mol/L) resulted in signifi-
cant inhibition of OGD-induced cell death for 3 to 24 hours
after reoxygenation, with no significant adverse effects on
normal cell growth (Figure S3 in Supplementary Materials).
We then chose the concentration of 10−7mol/L and

reoxygenation time of 24 hours for further studies. Further-
more, OGD significantly induced cell death measured by
flow cytometric analysis, which can be attenuated by LR134
(Figure 7(a)). Mechanically, LR134 inhibited the intracellular
calcium release (Figure 7(b)), ATP content (Figure 7(c)), and
mitochondrial membrane potential loss (Figure 7(d)). We
further found that LR134 inhibited OGD-induced O2

•− pro-
duction (Figure 7(e)), as well as NOX2 mRNA (Figure 7(f))
and protein levels (Figure 7(g)) in PC12 cells under OGD
condition. Similar results were also found in LR143-treated
cells (data not shown).

4. Discussion

Although studies have indicated that both the precursor
compounds L-carnitine and TMP derivatives exhibited
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Figure 4: LR134 and LR143 ameliorated neuronal injury in rats after cerebral ischemia reperfusion (I/R) injury. (a) Representative
photomicrographs of hematoxylin and eosin (H&E) in the cerebral cortex of rats after I/R injury. (b) Cresyl violet (Nissl) staining in the
cerebral cortex of rats after cerebral I/R injury. (c) In situ terminal deoxynucleotidyl transferase-mediated uridine triphosphate nick end
labeling (TUNEL, red) assays were performed to assess cell death. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, blue);
the TUNEL-positive cells indicated the quantitative assessment of cell death (numbers per high power field). Red arrowheads indicated
neuronal cells. ∗P < 0 05 versus sham group, #P < 0 05 versus I/R-vehicle group (n = 8).
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Figure 5: Continued.
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neuroprotective effects [5, 28], the individual disadvantages
limit their therapeutic application for the treatment of
ischemic stroke. In this study, we identified for the first
time that two novel twin compounds containing HTMP
and carnitine substructures protected against cerebral I/R
injury, which is associated with pleiotropic potency includ-
ing anti-inflammation and antioxidant and maintenance of
mitochondrial function (Figure 8).

By a combination of the neuroprotective effects of TMP
derivatives and the drug delivery property of carnitine esters,
we designed and synthesized a series of novel twin com-
pounds containing HTMP and carnitine substructures. First,
we screened the protective effects of ten synthesized target
compounds on the viability of PC12 cells under OGD condi-
tion in vitro and in an experimental animal ischemic stroke
model; we found that both compounds LR134 and LR143
with low EC50 exhibited significant neuroprotection against
cerebral I/R injury in rats by reducing cerebral infarct volume
and edema, improving neurological function as well as
blood-brain barrier integrity. The neuroprotective effects

were further confirmed by significant improvement of mor-
phological features and the viability of impaired neurons by
TUNEL and flow cytometric analyses.

The inflammatory responses accompanying stroke are
recognized to contribute to secondary ischemic injury
including induced microglial and astrocyte activity and
increased the production of proinflammatory mediators;
therefore, strategies targeting inflammation represent a
promising therapeutic option [29]. Our results further sup-
port the neuroprotective effects of two candidate compounds
via effectively suppressing ischemia-associated inflammation
as evidenced by decreased mRNA levels of proinflammatory
mediators and infiltration of inflammatory cells.

Apart from inflammatory responses, reperfusion after
stroke attack accounts for a burst of reactive oxygen species
(ROS) generation and results in oxidative stress, which plays
a pivotal role in the pathogenesis of stroke [30]. NADPH
oxidase is a major superoxide-producing enzyme in the brain
cells. Among the major functional subunits of NADPH oxi-
dase involved in the pathogenesis of stroke, NOX2 is one of
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Figure 5: LR134 and LR143 reduced inflammatory responses and NOX2-mediated oxidative stress in rats after cerebral ischemia reperfusion
(I/R) injury. (a) The mRNA levels of proinflammatory mediators including IL-1β (interleukin-1β), tumor necrosis factor-α (TNF-α), IL-6,
and MCP-1 (monocyte chemoattractant protein-1) were measured by real-time RT-PCR analysis. (b) Representative sections and
quantitative analysis of brain stained for macrophage (CD68 positive) and neutrophil (Ly6B positive) infiltration in the brain from
different groups of rats. (c) Representative electron spin resonance (ESR) spectrographs and summarized data showing the relative levels
of superoxide (O2

•−) production in the brain from different groups of rats. (d) Representative Western blot gel documents and
summarized data showing NOX2 levels in different groups of rats. (e) Representative brain sections and quantitative analysis showing the
upregulation of NOX2 in neurons after cerebral ischemia/reperfusion by immunofluorescence analysis. ∗P < 0 05 versus sham-operated
(sham) group, #P < 0 05 versus I/R-vehicle group (n = 8).
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the most important members mediating cerebral ischemic
injury [31]. Consistent with the antioxidative roles of L-
carnitine [4] and TMP [32], we found that LR134 and
LR143 reduced NOX2 expression together with superoxide
production. An increasing number of evidence have indi-
cated that activation of the immune system as a result of
disturbances in the redox state of cells seems to contribute
to brain damage. Although we did not attempt to investigate

why LR134- and LR143-treated animals potentially recruit
less inflammatory cells, a recent study has found that endo-
thelial cell NOX2-derived ROS production can induce aortic
dissection by increased endothelial cell activation, leading
to inflammatory cell recruitment throughout the aortic
wall [33]. Other studies have also shown that inhibition
of NADPH oxidase expression and activity prevented
homocysteine-induced infiltration of macrophages and T-
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Figure 6: LR134 and LR143 improved energy metabolism and mitochondrial dysfunction. (a) ATP contents in brain tissues from different
groups of rats at 24 hours of reperfusion after MCAO. (b) Representative Western blot gel documents and summarized data
showing the levels of activated AMPK in the brain from different groups of rats. (c) Mitochondrial membrane potential was
detected with the fluorescent probe JC-1 staining and presented by the ratio of JC-1 monomer to J-aggregates followed by flow cytometric
analysis. (d) Transmission electron microscope analysis showing the images of neurons and mitochondria from different groups of rats.
(e) Representative Western blot gel documents and summarized data showing the cytochrome C release from mitochondria to the cytosol.
∗P < 0 05 versus sham-operated group, #P < 0 05 versus I/R-vehicle group (n = 8).
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Figure 7: LR134 protected against cell injury in PC12 cells under OGD condition. (a) The quantified data showing cell death determined by
flow cytometric analysis. (b) The intracellular Ca2+ concentration ([Ca2+]i) was measured with a calcium indicator dye, Fluo-3/AM. (c) ATP
contents in PC12 cells with different treatments. (d) Mitochondrial membrane potential was detected with the fluorescent probe JC-1 staining
and presented by the ratio of JC-1 monomer to J-aggregates followed by flow cytometric analysis. (e) Summarized data showing the relative
levels of superoxide (O2

•−) production in PC12 cells with different treatments. (f) The relative NOX2 mRNA levels in PC12 cells under OGD
condition. (g) Representative Western blot gel documents and summarized data showing the relative NOX2 protein levels in PC12 cells with
different treatments. ∗P < 0 05 versus control-vehicle group, #P < 0 05 versus OGD-vehicle group (n = 6).
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cells into the glomeruli, probably by mediating NLRP3
inflammasome activation [34]. The exact mechanisms in
our study need to be further investigated.

In addition, the disruption of blood flow to brain tissue
during stroke attack causes a metabolic crisis, which directly
results in acute reduced energy supply. Meanwhile, neurons
are particularly vulnerable to ischemic injury because they
require a large amount of energy for maintaining normal
neurotransmission; any impairment of blood flow leads to a
rapid depletion of the energy in affected areas of the brain
with ensuing neuronal damage [35]. To test the potential role
of candidate compounds on energy failure after ischemia, we
directly measured ATP content in dissociated brain cells and
found that administration of LR134 and LR143 increased the
ATP levels which were reduced in the ischemic hemisphere
byMCAO, indicating that the recovery of cellular energy fail-
ure after ischemic insult by LR134 and LR143 helps rescue
neurons to avoid irreversible injury. At molecular levels, we
further detected the activation of 5′-adenosine monopho-
sphate kinase (AMPK), a key sensor of cellular energy status
that plays a vital role in the regulation of neuronal survival
during ischemic stroke. Despite some reports suggesting the
protective role of AMPK during early and transient energy
depletion [36], an increasing number of studies recognized
the detrimental role of prolonged AMPK activation which
results in neuronal apoptosis via the activation of cell death
machinery; therefore, pharmacological inhibition or gene
deletion of AMPK is neuroprotective in stroke [37]. Our
results showed a significant increase in the phosphorylation
state of AMPK after cerebral I/R, which was blocked by
pretreatment of the compounds LR134 and LR143, indicat-
ing that the protective role of LR134 and LR143 in stroke is
associated with the inhibition of AMPK activation.

It should be noted that during stroke, the diminished
brain blood supply may consequently result in subcellular
damage other than cellular damage. Mitochondria not only
functioned as “energy houses” but also serve as the main
source of enhanced ROS during the course of ischemic brain
injury. Studies have demonstrated that cerebral I/R injury is
at least in part initiated by the mitochondrial disorder [38].

In this study, we further tested whether the candidate twin
compounds directly act on mitochondria. In view of the
importance of abnormal mitochondrial membrane potential,
with the energy impairments and intracellular calcium over-
load in the progression of mitochondrial dysfunction being
major properties [39], we measured the depolarization of
ΔΨm and intracellular calcium content in PC12 cells injured
by OGD condition and found that both twin compounds are
associated with the mitochondrial improvement pathway by
modulating calcium and mitochondrial membrane potential.
The results of in vivo studies are in agreement with the
in vitro mitoprotective effects of twin compounds LR134
and LR143 in MCAO-injured rat brain mitochondria, as
evidenced by inhibiting the loss of mitochondrial membrane
potential, improving mitochondrial ultrastructure and
decreasing the release of cytochrome C from mitochondria
to the cytoplasm, a consequence of the mitochondrial mem-
brane permeability transition [40].

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

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

1. Introduction

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

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

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

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

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

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

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

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

2. Materials and Methods

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

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

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

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

2.3. Treatment of Cell Cultures

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

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

2.4. Assays of Neuronal Cell Death

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

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

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

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

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

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

4 Oxidative Medicine and Cellular Longevity



significant neuroprotection at lower doses than those
required to achieve neuroprotection with HBA.

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

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

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

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

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

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

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

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

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

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

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

4. Discussion

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

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

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

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

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

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

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

5. Conclusions

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

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

In summary, both HBA and PCA display distinct neuro-
protective effects in vitro in primary CGNs, suggesting that
these compounds warrant further exploration both alone
and in combination to further define their neuroprotective
and anti-inflammatory mechanisms under diverse stress
conditions. Moreover, further exploration of these com-
pounds in preclinical models of disease is warranted as both
compounds target multiple aspects of neurodegenerative dis-
ease pathology. In particular, the use of HBA and PCA in
combination could be of great therapeutic potential owing
to the diverse and complimentary neuroprotective effects of
these compounds against oxidative stress, nitrosative stress,
and excitotoxicity as well as the antineuroinflammatory
effects of PCA [58].
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Autophagy is upregulated in spinal cord ischemia reperfusion (SCIR) injury; however, its expression mechanism is largely
unknown; moreover, whether autophagy plays a neuroprotective or neurodegenerative role in SCIR injury remains
controversial. To explore these issues, we created an SCIR injury rat model via aortic arch occlusion. Compared with normal
controls, autophagic cell death was upregulated in neurons after SCIR injury. We found that autophagy promoted neuronal cell
death during SCIR, shown by a significant number of terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling-
(TUNEL-) positive cells colabeled with the autophagy marker microtubule-associated protein 1 light chain 3, while the
autophagy inhibitor 3-methyladenine reduced the number of TUNEL-positive cells and restored neurological and motor
function. Additionally, we showed that oxidative stress was the main trigger of autophagic neuronal cell death after SCIR injury
and N-acetylcysteine inhibited autophagic cell death and restored neurological and motor function in SCIR injury. Finally, we
found that hydrogen sulfide (H2S) inhibited autophagic cell death significantly by reducing oxidative stress in SCIR injury via
the AKT-the mammalian target of rapamycin (mTOR) pathway. These findings reveal that oxidative stress induces autophagic
cell death and that H2S plays a neuroprotective role by reducing oxidative stress in SCIR.

1. Introduction

Spinal cord ischemia reperfusion (SCIR) injury is a severe
complication of thoracoabdominal aortic surgery and leads
to paraplegia in approximately 40% of patients [1]. Despite
considerable attempts to improve SCIR injury, the incidence
of paraplegia remains high [2, 3].

The pathophysiologic changes underlying ischemia
reperfusion (I/R) injury involve necrosis and apoptosis [4].
In the central nervous system, I/R injury triggers a complex
series of pathophysiological events leading to cell death and
organ damage by the amplification of various pathways acti-
vated by ischemia [1, 5]. Recently, autophagy has attracted
scientists’ attention worldwide, as a new mechanism of cell

death [6]. It has been reported that spinal cord injury (SCI)
upregulated the expressions of microtubule-associated
protein 1 light chain 3 (LC3, a marker of autophagy) and
beclin-1 in a hemisection mouse model [7]. Autophagy is
an intracellular bulk degradation process that involves the
degrading and recycling of cytosolic, long-lived proteins
and organelles [8]. Usually, autophagy occurs at basal levels,
but it can be further induced by ischemia, hypoxia, or
nutrient depletion [8, 9]. In a certain extent, autophagy
ensures the stabilization of the cell and thereby cell survival,
by recycling new cell components [6, 10, 11]. But beyond this
range, autophagy leads to the excessive accumulation of
autophagosomes and eventually cell death [6]. In some
studies, autophagy has been shown to contribute to
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cytoprotection in neonatal hypoxia-ischemia-induced trau-
matic brain injury [7]; however, other studies have shown
that autophagy can cause cell death, termed autophagic or
“type 2” cell death [12, 13]. The function of autophagy
may thus be two-fold. However, in spinal cord I/R injury,
its role is still controversial and it remains to be elucidated
whether autophagy is required for cell survival or whether
it plays a detrimental role [8, 14, 15].

The mechanisms of cell death that have been observed
during I/R injury are complicated. It has been shown that free
oxygen radical-induced cell damage plays a pivotal role in the
pathogenesis of SCIR injury [5]. Reduction in spinal cord
blood flow (ischemia) after aortic or spinal surgery causes
hypoxia in the spinal cord and increases levels of lactic acid,
hypoxanthine, and lipid peroxide. After the restoration of
the blood flow (reperfusion), oxygen is needed for the
production of uric acid. During this period, free radicals are
produced and react with cellular lipids and mitochondrial
membranes to produce lipid peroxides, which cause cell
death and organ damage. This process is called “reperfusion
injury” [5, 16]. Furthermore, oxidative stress is also thought
to play a role in the induction of autophagy and induces
neuronal damage in spinal cord I/R injury. Therefore,
pharmacological therapies targeting oxidative stress may be
critical for limiting the damage caused by SCIR injury.

Hydrogen sulfide (H2S) is an endogenously generated
gaseous signaling molecule produced from L-cysteine in the
myocardium, fibroblasts, and blood vessels by the enzymes
cystathionine β-synthase and cystathionine γ-lyase in the
cardiovascular system [4]. As a gaseous signaling molecule,
H2S is able to freely diffuse across cell membranes in a
receptor-independent manner and activate various cellular
targets. This distinct ability makes H2S an attractive phar-
macological agent for the treatment of cardiovascular
disease [17]. Myocardial I/R injury is a common problem
in clinical practice and may have serious consequences.
The exact pathophysiological mechanism underlying myo-
cardial I/R injury is complicated and not yet fully under-
stood. However, there is considerable evidence suggesting
that the production of reactive oxidative species (ROS),
and subsequent ROS-related cellular damage, is an initial
cause of injury to the myocardium following I/R injury
[18]. H2S has been implicated in alleviating the pathologi-
cal processes induced by myocardium I/R injury by reduc-
ing levels of ROS [19–21]. In addition, it has been shown
that H2S attenuates myocardial hypoxia-reoxygenation
injury by inhibiting autophagy via the mammalian target
of rapamycin (mTOR) activation and protects the myocar-
dium against I/R injury by inhibiting apoptosis via a mecha-
nism that involves phosphoinosmde-3-kinase (PI3K)/AKT
[22]. Since ROS-induced cell damage also plays a pivotal role
in the pathogenesis of SCIR injury [5], here, we sought to
investigate whether H2S can attenuate SCIR injury by
reducing oxidative stress.

Numerous studies have reported that autophagy activa-
tion is elevated after SCIR, but the underlying mechanisms
are largely unknown. Moreover, whether autophagy exerts a
neuroprotective or neurodestructive role in SCIR injury
remains controversial. We set out to explore these issues

using an SCIR rat model created via aortic arch occlusion.
Our findings uncover a previously unknown mechanism of
oxidative stress in the pathogenesis of SCIR injury that pro-
motes autophagic cell death and delineate a crucial protective
function of H2S in SCIR.

2. Materials and Methods

2.1. Animals. Eight-week-old male Sprague-Dawley rats
were purchased from the Shanghai Laboratorial Animal
Center at the Chinese Academy of Sciences. The animals
were housed with ad libitum access to water and food in
an air-conditioned room with a 12 h light-dark cycle, at
21°C to 23°C and 60% relative humidity, in the animal
facility at Ruijin Hospital, Shanghai Jiao Tong University
School of Medicine, China.

2.2. Ethics Statement. All animal experiments were per-
formed in accordance with the protocol approved by the
Shanghai Jiao Tong University (SJTU) Animal Care and
Use Committee [IACUC protocol number: SYXK (Shanghai)
2011-0113] and in accordance with the Ministry of Science
and Technology of the People’s Republic of China Animal
Care guidelines. All surgeries were performed under anes-
thesia, and all efforts were made to minimize suffering.

2.3. Spinal Cord Ischemic Reperfusion (SCIR) Injury Model.
The ischemic reperfusion (I/R) model was generated using
a modification of a method reported before [1]. Briefly, all
rats were neurologically intact before the experiment and
anesthetized with 2.5% sodium-pentobarbital (60mg/kg)
injected intraperitoneally. In the rats of the I/R group, the
abdominal aorta was blocked above the right renal artery
near the heart using a 50 g aneurysm clip for 60min. The rats
in the sham group underwent the same procedure, but no
occlusion of the aorta was performed. All rats were placed
in a box at 28°C to recover from anesthesia and were subse-
quently placed in separated cages with ad libitum access to
food and water.

2.4. Drug Preparation. The following reagents were
purchased from Sigma-Aldrich: 3-methyladenine (3-MA,
M9281), N-acetyl-L-cysteine (NAC, A7250), sodium hydro-
sulfide (NaHS · H2O, 13590), Ly294002 (L9908), and rapa-
mycin (R0395). 3-MA, Ly294002, and rapamycin were
dissolved in dimethyl sulfoxide to yield a stock solution
of 25mg/mL and further diluted in phosphate-buffered
saline (PBS) for the final dose before intraperitoneal
injection. NAC and NaHS were dissolved in PBS before
intraperitoneal injection.

2.5. SCIR Treated with Different Drugs. The sham group
(n = 6) underwent the surgical procedure without aortic
clipping. The I/R group (n = 6) received abdominal aortic
exposure and cross-clamping for 60min followed by
intraperitoneal injection of an equivalent volume of 0.9%
saline solution immediately after reperfusion. The rats in
the I/R+ 3-MA group (n = 6) and I/R+NAC group (n = 6)
also received the same surgical procedure as the I/R group,
but were treated with 3-MA (2.5mg/kg) [23] or NAC
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(300mg/kg) [24] immediately after I/R injury, respectively.
Rats in the I/R+NaHS group (n = 6) were intraperitoneally
injected with NaHS · H2O (5.6mg/kg) [25], 1 h before the
onset of spinal cord I/R. Rats in the NaHS+ I/R+Ly294002
group (n = 6) were intraperitoneally injected with Ly294002
(1.5mg/kg) [26], 0.5 h before the administration of NaHS
and subsequent spinal cord I/R. Rats in the I/R+NaHS
+ rapamycin group (n = 6) were intraperitoneally injected
with rapamycin (0.5mg/kg) [27], 0.5 h before the administra-
tion of NaHS and subsequent SCIR. All experiments were
repeated three times.

2.6. Neurological Function Assessment. Locomotor recov-
ery after SCIR was assessed using the Basso, Beattie,
and Bresnahan (BBB) open-field locomotor scale [28]
ranging from 0 (complete paralysis) to 21 (normal locomo-
tion). The BBB scores were recorded at 1, 6, 12, and 24h in
the acute phase after reperfusion by two experienced investi-
gators who were blind to the whole experiment. Disagree-
ments were solved through discussion to reach a consensus.

2.7. Immunofluorescence Staining of Bax, Caspase-3, and
LC3. The frozen sections were washed with PBS for 10min,
followed by washing with PBS containing 0.1% Tween for
10min, and then blocked with 5% bovine serum albumin
(BSA, Sigma) for 30min at room temperature. The sections
were incubated in permeabilization solution (1% Triton
X-100) for 15min at room temperature and then incu-
bated in primary rabbit anti-Bax antibody (1 : 100; Santa
Cruz Biotechnology) or primary rabbit anti-Caspase 3
antibody (1 : 100; Santa Cruz Biotechnology) or primary
rabbit anti-LC3B antibody (1 : 200; Cell Signaling Technol-
ogy) diluted in PBS overnight at 4°C. After rinsing with
PBST, the sections were incubated with goat anti-rabbit Ig
(immunoglobulin) G Alexa Fluor 488 secondary antibody
(1 : 500; Molecular Probes) for 1 h at room temperature.
The sections were mounted with ProLong® Gold antifade
reagent with DAPI to label the nuclei (Molecular Probes).

2.8. Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick End Labeling (TUNEL) Assay. In order to identify
DNA fragmentation, TUNEL assay was performed. Apopto-
tic cells in the frozen spinal cord sections were stained using
an in situ cell death detection kit, TMR red (Roche Diagnos-
tics), according to the manufacturer’s instructions. Briefly,
sections were washed in PBS and incubated in perme-
abilization solution for 15min at room temperature and then
in the TUNEL solution containing TMR-dUTP for 1 h at
37°C. After labeling, cell nuclei were labeled with ProLong
Gold antifade reagent with DAPI (Molecular Probes).

2.9. Immunohistochemical Staining of Bax. The paraffin
sections were deparaffinized and rehydrated. Antigen
retrieval was performed in accordance with the manufac-
turer’s instructions for the citrate antigen retrieval solution
(Beyotime, China). The sections were incubated in hydrogen
peroxide to quench endogenous peroxidases and then
blocked with 5% BSA (Sigma) for 30min at room tempe-
rature. The sections were incubated in primary rabbit
anti-Bax antibody (1 : 100; Abcam) diluted in PBS overnight

at 4°C. The Vectastain Elite ABC Kit (Vector Laboratories,
USA) was used according to the manufacturer’s instructions.
Positive staining was visualized with diaminobenzidine
(DAB; ImmPACT DAB, Vector Laboratories, USA). The
sections were counterstained with hematoxylin for 10 s and
dipped in acid alcohol as needed before being dehydrated
and coverslipped.

2.10. Western Blotting. The spinal cords were homoge-
nized in a radioimmunoprecipitation assay (RIPA) buffer
(Beyotime, Nanjing, China) with phenylmethanesulfonyl
fluoride (PMSF) protease and a phosphatase inhibitor
cocktail (CWBIO, Shanghai, China). The homogenates
were clarified using centrifugation at 12000g for 15min
at 4°C. The concentration of protein samples was determined
using the BCA protein assay kit (Beyotime, China). Aliquots
of protein (50μg/lane) were fractionated using 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). After electrophoresis, the proteins on the gel were
electroblotted onto polyvinylidene difluoride membranes
(0.45μm, Millipore, USA). The membranes were blocked
in Tris-buffered saline/Tween (20mmol/L Tris, pH7.5,
0.5mol/L NaCl, and 0.1% Tween 20) containing 5% non-
fat dry milk for 1 h at room temperature and subsequently
incubated with primary antibody overnight at 4°C. The
membranes were incubated with secondary antibody for
90min at room temperature. The chemiluminescence results
were recorded using an imaging system (ImageQuant LAS
4000 mini, General Electric, USA). Signal intensities were
quantified using Image-Pro Plus software. The antibodies
used were as follows: rabbit anti-mTOR (1 : 1000; Cell Signal-
ing Technology), rabbit anti-p-mTOR (1 : 1000; Cell Signal-
ing Technology), rabbit anti-AKT (1 : 1000; Cell Signaling
Technology), rabbit anti-p-AKT (1 : 1000; Cell Signaling
Technology), rabbit anti-SQSTM1/p62 (1 : 1000; Abcam),
rabbit anti-Beclin 1 (1 : 1000; Cell Signaling Technology),
rabbit anti-Atg12 (1 : 1000; Cell Signaling Technology),
rabbit anti-cleaved Caspase 3 (1 : 1000; Cell Signaling Tech-
nology), rabbit anti-BCL2 (1 : 1000, Abcam), rabbit anti-Bax
(1 : 1000, Cell Signaling Technology), rabbit anti-LC3B
(1 : 1000, Cell Signaling Technology), mouse anti-β-Actin
(1 : 1000, Cell Signaling Technology), and horseradish perox-
idase- (HRP-) conjugated secondary antibody (1 : 5000,
Jacksion). The intensities of the protein bands were quanti-
fied by densitometry analysis using NIH Image J software.

2.11. Oxidative Stress Assay. Superoxide dismutase (SOD)
activity and malondialdehyde (MDA) concentration in the
spinal cord tissue were measured using an oxidative stress
assay. Fresh spine cord tissue was taken and washed with
precooled PBS. It was converted to 100 g/L of spine cord
homogenates in a homogenizer filled with 9 times the mass
of precooled PBS. The homogenates were centrifuged at
low temperature for 15min at a speed of 3500 r/min. Proper
amount of supernatant was given to perform tissue protein
quantification. Levels of SOD and MDA were determined
in accordance with the specifications of the SOD kit (Dojindo
Molecular Technologies, Japan) and the MDA kit (Nanjing
Jiancheng Bioengineering Institute, China). The protein
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concentration of the samples was determined using a BCA
protein assay kit.

2.12. Statistical Analysis. All data are present as mean± SEM.
We used two-tailed t-tests to determine significances
between two groups. We did analyses of multiple groups by
one-way or two-way ANOVA with Bonferroni posttest of
GraphPad prism version 5. For all statistical tests, we con-
sidered P value < 0.05 to be statistically significant.

3. Results

3.1. Both Apoptosis and Autophagy Increase in Neuronal Cells
after SCIR Injury. In order to investigate the causal relation-
ship between autophagy and apoptosis, we first detected
levels of apoptosis after SCIR injury. The immunofluores-
cence staining results of the TUNEL showed that SCIR injury
increased spinal cord neuronal cell death (Figure 1(a)). Fur-
thermore, the immunofluorescence (Figure 1(b)) and West-
ern blotting (Figures 1(c) and 1(d)) for caspase-3, which is
best known for its role in the execution phase of apoptosis
[29], also revealed that SCIR injury induced significant levels
of apoptosis in neuronal cells.

Further, we detected the induction of autophagy in the
pathogenesis of SCIR injury. The conversion of LC3-I to
LC3-II is essential for autophagosome formation, and it is
considered an indicator of autophagy induction [30]; the
Western blot results showed that SCIR injury increased the
accumulation of LC3-II in neuronal cells compared with
the sham group (Figure 2(a)). Recently, Atg5, derived from
preautophagosomal structures, has been shown to play an
important role in the elongation of phagophores [31]; we
observed that Atg5 levels increased significantly after SCIR
injury (Figure 2(a)). In addition, levels of p62, another
autophagy marker, which works as the LC3-II-binding
protein that ties ubiquitinated protein aggregates to the
autophagosome, were found to be decreased after SCIR
injury (Figures 2(a) and 2(b)). Induction of autophagy
was also confirmed by immunofluorescence analysis. The
results showed that autophagosomes and autolysosomes
were rarely detected in normal controls, whereas their
levels were increased significantly after I/R, as demon-
strated by increased punctate fluorescence staining signals
of LC3 in the cytoplasm of neuronal cells (Figure 2(c)).
Taken together, our findings demonstrate that both
autophagy and apoptosis were increased in neuronal cells
after SCIR injury.

3.2. Autophagy Promotes Neuronal Cell Death in SCIR Injury.
We observed that both autophagy and apoptosis were
increased in neuronal cells after SCIR injury. Previous work
has shown that autophagy might have a detrimental effect
on the pathology of cardiac ischemia reperfusion [32]. We
therefore hypothesized that autophagy might promote neu-
ronal cell apoptosis in the pathogenesis of SCIR injury. In
order to test our hypothesis, we first performed loss-of-
function experiments, in which we inhibited autophagy by
3-methyladenine (3-MA). The results showed that with
decreased autophagosome formation, neuronal cell death

was significantly reduced in the 3-MA-treated group
(Figure 3(a)), as the immunofluorescence analysis revealed
that TUNEL-positive neuronal cells decreased significantly
in the 3-MA group compared with the control group. Inter-
estingly, we found that TUNEL-positive cell nuclei were
surrounded by LC3, which further suggests that autophagic
neuronal cell death was induced in the spinal cord in
response to I/R. Consistent with TUNEL staining, the results
showed that apoptosis in neuronal cells induced by I/R
was reduced after autophagy was inhibited by 3-MA
(Figure 3(b)). In addition, a decrease in neuronal cell apo-
ptosis and autophagy triggered by 3-MA was further
shown by the Western blotting (Figures 3(c) and 3(d)).
Finally, the BBB scores also confirmed the detrimental
effect of autophagy on neuronal cell function, as decreased
BBB scores were restored much quicker after autophagy
was blocked in SCIR injury (Figure 3(e)). This indicates
that the deteriorated neurological and motor functions
were restored by 3-MA in SCIR injury. Taken together,
our findings indicate that autophagy promotes neuronal
cell death in SCIR injury.

3.3. Oxidative Stress Induces Neuronal Autophagic Cell Death
in SCIR Injury. Having identified that autophagy plays a
detrimental role in neuronal cell death, we further sought
to explore the mechanisms involved in the induction of
autophagic cell death in SCIR injury. Previous studies have
reported that ROS exert a crucial role in neuronal cell dam-
age during SCIR injury [5]. Oxidative stress has also been
reported to be associated with autophagy in the neonatal
hypoxia-ischemia brain [33]. We therefore sought to deter-
mine whether oxidative stress was the trigger of autophagic
death in neuronal cells during SCIR injury. First, we
measured levels of oxidative stress in SCIR injury. Immuno-
fluorescence analysis results showed that I/R injury led to
increased ROS expression in neuronal cells of the spinal cord
(Figure 4(a)). Malondialdehyde (MDA) is a lipid peroxi-
dation marker, while superoxide dismutase (SOD) is an
antioxidant enzyme that protects cells against oxidative
injury by scavenging superoxide anions. The concentration
of MDA and enzymatic activities of SOD are often used to
evaluate oxidative and antioxidative reactions [34]. Our
results showed that, accompanied by an increase in the
concentration of MDA (Figure 4(b)), the activity of SOD
was significantly reduced in the SCIR injury group compared
with the control samples (Figure 4(c)). Taken together, our
findings indicate that oxidative stress is upregulated during
SCIR injury.

In order to further delineate the function of oxidative
stress in neuronal autophagic cell apoptosis, we next
attempted to reduce oxidative stress in SCIR injury. N-
acetylcysteine (NAC) is a widely used antioxidant drug
whose metabolism results in an increase in intracellular glu-
tathione that produces sulfhydryl groups directly eliminating
ROS [35, 36]. Our results showed that in contrast with the
decrease in ROS expression and the reduction in MDA
concentration, the decreased activity of SOD was restored
by NAC in SCIR injury (Figures 1(a), 1(b), and 1(c)). This
indicates that NAC successfully reduced oxidative stress in
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Figure 1: SCIR injury induces neuronal cell apoptosis. Immunofluorescence analysis of TUNEL (a) and caspase-3 (b) in the spinal cord after
I/R. This image shows results obtained from six rats with I/R. Scale bars represent 10μm. (c) Western blot of cleaved caspase-3 in the spinal
cord extracts from normal and I/R rats. (d) Densitometric analysis of the immunoblot reported in Figure 1(c). Samples from six normal and
six I/R rats were pooled together. ∗∗∗P < 0 001. Data were analyzed using t-test and represent three independent experiments. SCIR: spinal
cord ischemia reperfusion; TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling; I/R: ischemia reperfusion.

5Oxidative Medicine and Cellular Longevity



SCIR injury. Furthermore, consistent with the reduction in
oxidative stress, we observed lower levels of autophagic
neuronal cell death, detected by TUNEL and LC3 double
staining (Figure 4(d)). Accordingly, the immunofluorescence
results of caspase-3 further confirmed that neuronal cell
apoptosis during SCIR injury was triggered by oxidative
stress (Figure 4(e)). Furthermore, the Western blot results
confirmed the inhibiting effect of NAC on neuronal cell
apoptosis and autophagy (Figures 4(f) and 4(g)). Finally,
the BBB scores further confirmed that oxidative stress exerts
a detrimental effect on neurological and motor function
(Figure 4(h)). Taken together, our findings indicate that
oxidative stress induces neuronal autophagic cell death in
SCIR injury.

3.4. H2S Protects Neuronal Cells from Autophagic Death by
Reducing Oxidative Stress. Having observed oxidative
stress-induced neuronal autophagic cell death during SCIR
injury, we next sought to alleviate SCIR injury by targeting
oxidative stress. H2S is an endogenously generated gaseous
signaling molecule, which has been shown to exert cardio-
protective effects by neutralizing ROS in myocardium I/R
injury [19–21]. We therefore hypothesized that H2S might
protect neuronal cells from SCIR injury by reducing oxida-
tive stress. In order to test our hypothesis, we first detected
levels of oxidative stress in SCIR after H2S administration.
Immunofluorescence results showed that the upregulation
of ROS in the spinal cord was significantly inhibited by H2S
(Figure 5(a)). Accordingly, we further observed that H2S
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Figure 2: SCIR injury induces neuronal cell autophagy. (a) Western blots of p62, Atg12-Atg5, and LC3 in the spinal cord extracts from
normal and I/R rats. Samples from six normal and six I/R rats were pooled together. (b) Densitometric analysis of the immunoblot
reported in Figure 2(a). (c) Immunofluorescence analysis of LC3 in the spinal cord after I/R. This image represents six rats with I/R. Scale
bar represent 10μm. Arrows designate regions of 400x magnification shown in insets. ∗∗∗P < 0 001. Data were analyzed using one-way
ANOVA. Data represent three independent experiments. SCIR: spinal cord ischemia reperfusion; I/R: ischemia reperfusion; LC3:
microtubule-associated protein 1 light chain 3.
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significantly restrained SCIR injury-induced MDA
(Figure 5(b)), whereas the decreased activity of SOD was
largely restored (Figure 5(c)). These results demonstrate that
H2S successfully reduces oxidative stress in SCIR injury.

Accompanied by a reduction in oxidative stress, TUNEL-
LC3 double staining results suggested that autophagic neuro-
nal cell death is also significantly inhibited by H2S in SCIR
injury (Figure 5(d)) and that this reduction in cell death
includes apoptosis (Figure 5(e)). Furthermore, the inhibition

of neuronal autophagic cell death by H2S was also confirmed
through Western blotting, as levels of cleaved caspase-3, Bax,
LC3-II, and Atg5 were all largely decreased after H2S admin-
istration in SCIR injury, whereas p62 expression was
increased (Figures 5(f) and 5(g)). Furthermore, the protective
role of H2S in neurological and motor function was also
shown by the BBB score (Figure 5(h)). Taken together, our
findings indicate that H2S protects neuronal cells from
autophagic death.
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Figure 3: Autophagy promotes neuronal cell apoptosis in SCIR injury. (a) Immunofluorescence analysis of TUNEL and LC3 in the spinal
cord after I/R treated with or without 3-MA. (b) Immunofluorescence analysis of caspase-3 in the spinal cord after I/R treated with
or without 3-MA. (c) Western blot analysis of p62, Atg12-5, LC3-II, and cleaved caspase-3 after I/R injury treated with or without
3-MA. (d) Densitometric analysis of the immunoblot reported in Figure 3(c). (e) BBB scores of animals after SCIR treated with or
without 3-MA. Images represent six rats with I/R treated with or without 3-MA. Scale bars represent 10μm. ∗∗∗P < 0 001. Data
were analyzed using one-way ANOVA in (d) and two-way ANOVA in (e) and represent three independent experiments. SCIR: spinal
cord ischemia reperfusion; TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling; LC3: microtubule-
associated protein 1 light chain 3; I/R: ischemia reperfusion; 3-MA: 3-methyladenine; BBB: Basso, Beattie, and Bresnahan; ANOVA:
analysis of variance.
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3.5. H2S Protects Neuronal Cells from Autophagic Death
through the AKT-mTOR Pathway. After having delineated a
key role of H2S in inhibiting neuronal autophagic cell death,
we next sought to explore the intrinsic mechanisms by which
H2S exerts these protective effects. AKT and mTOR
pathways have been shown to be involved in the inhibition
of autophagy in neonatal rat cardiomyocytes exposed to
hypoxia/reoxygenation by H2S. Blocking AKT by Ly294002
(an AKT inhibitor) or inactivating mTOR by rapamycin

increased autophagy and attenuated the antiautophagy effect
of H2S [4, 22]. In addition, our results also indicated that
SCIR injury significantly inhibited AKT and mTOR phos-
phorylation, whereas H2S largely restored levels of AKT
and mTOR (Figure 5(f)). Therefore, we hypothesized that
H2S inhibited neuronal autophagic death via AKT and
mTOR. In order to test our hypothesis, we first blocked
AKT with Ly294002 and mTOR with rapamycin, respec-
tively. The double staining of TUNEL and LC3 in the spinal
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Figure 4: Oxidative stress induces neuronal autophagic cell death in SCIR injury. (a) Immunofluorescence analysis of ROS in the spinal cord
after SCIR treated with or without NAC. (b) MDA concentration and (c) SOD activity in the spinal cord after I/R treated with or without
NAC. (d) Immunofluorescence analysis of TUNEL and LC3 in the spinal cord after I/R treated with or without NAC. (e)
Immunofluorescence analysis of caspase-3 in the spinal cord after I/R treated with or without NAC. (f) Western blot analysis of p62,
Atg12-5, LC3-II, and cleaved caspase-3 after I/R injury treated with or without NAC. (g) Densitometric analysis of the immunoblot
reported in Figure 4(f). (h) BBB scores of animals after SCIR treated with or without NAC. Images represent six rats with I/R treated with
or without NAC. Scale bars represent 10 μm. ∗∗∗P < 0 001. Data were analyzed using one-way ANOVA in (b), (c), and (g) and two-way
ANOVA in (h). Data represent three independent experiments. SCIR: spinal cord ischemia reperfusion; ROS: reactive oxygen species;
NAC: N-acetyl-L-cysteine; MDA: malondialdehyde; SOD: superoxide dismutase; I/R: ischemia reperfusion; TUNEL: terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling; BBB: Basso, Beattie, and Bresnahan; ANOVA: analysis of variance.
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cord revealed that H2S reduced autophagic neuronal cell
death after I/R injury, whereas this process was significantly
inhibited by Ly294002 or rapamycin (Figure 6(a)). This
implies that the activation of both the AKT and the mTOR
pathways is essential for the protective role of H2S in prevent-
ing neuronal autophagic death. Furthermore, the role of H2S

in inhibiting SCIR injury-induced neuronal death via AKT
and mTOR was also confirmed by the Bax immunohisto-
chemistry staining (Figure 6(b)). Consistent with our find-
ings regarding autophagic cell death, the BBB scores further
highlighted the critical role of the activation of both the
AKT and the mTOR pathways in the H2S-related restoration
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Figure 5: H2S inhibits neuronal autophagic cell death after SCIR injury. (a) Immunofluorescence analysis of ROS in the spinal cord after I/R
treated with or without H2S. (b) MDA concentration and (c) SOD activity in the spinal cord after I/R treated with or without H2S. (d)
Immunofluorescence analysis of TUNEL and LC3 in the spinal cord after I/R treated with or without H2S. (e) Immunofluorescence
analysis of caspase-3 in the spinal cord after I/R treated with or without H2S. (f) Western blot analysis of cleaved caspase-3, Bax, BLC2,
LC3, Atg12-Atg5, p62, p-AKT, and p-mTOR in the spinal cord extracts from normal and I/R rats treated with or without H2S. (g)
Densitometric analysis of the immunoblot reported in (f). (h) BBB scores of animals after SCIR treated with or without H2S. Images
represent six rats with I/R treated with or without H2S. Scale bars represent 10μm. ∗∗∗P < 0 001. Data were analyzed using one-way
ANOVA in (b), (c), and (g) and two-way ANOVA in (h) and represent three independent experiments. H2S: hydrogen sulfide; SCIR:
spinal cord ischemia reperfusion; ROS: reactive oxygen species; I/R: ischemia reperfusion; MDA: malondialdehyde; SOD: superoxide
dismutase; TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling; LC3: microtubule-associated protein 1 light
chain 3; BBB: Basso, Beattie, and Bresnahan; ANOVA: analysis of variance.
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of neurological and motor function after SCIR injury
(Figure 6(c)). Finally, the Western blot results showed that
in addition to the reduced phosphorylation of AKT and
mTOR, Ly294002 or rapamycin administration significantly
increased levels of cleaved caspase-3, Bax, LC3-Π, Atg5,
and p62 in SCIR injury, which further demonstrated that
AKT and mTOR pathway activation is essential for H2S-
inhibited neuronal autophagic cell death (Figures 6(d)
and 6(e)). Interestingly, we observed that apart from
blocking H2S-induced AKT phosphorylation, the AKT
inhibitor Ly294002 also significantly inhibited mTOR acti-
vation; however, the mTOR inhibitor rapamycin had no
effect on H2S-induced AKT phosphorylation (Figures 6(d)
and 6(e)), which suggests that mTOR works as the down-
stream molecule of AKT in H2S-protected neuronal
autophagic death. Taken together, our findings indicate that
H2S inhibits neuronal autophagic cell death through the
AKT-mTOR pathway.

4. Discussion

Autophagy plays an important role in the degradation of
cytoplasmic constituents in the autophagy-lysosomal path-
way [37]. Increasing studies have reported that levels of
autophagy are elevated in the central nervous system under
stress conditions and that this process plays an important
role in spinal cord injury [38–41]. However, the mechanisms
underlying autophagy after SCIR injury are largely unknown.
Furthermore, autophagy seems like a double-edged sword,
and whether it plays a protective or a detrimental role in
SCIR injury remains controversial [2]. Here, we observed
that both apoptosis and autophagy increased in neuronal
cells after SCIR injury. Furthermore, our results revealed that
autophagy promoted autophagic cell death after SCIR injury,
as we found that a significant number of TUNEL-positive
cells were colabeled with the autophagy marker LC3, and
the autophagy inhibitor 3-MA led to a decrease in the
number of TUNEL-positive cells, thereby ameliorating neu-
rological and motor function. In addition, we showed that
oxidative stress is the main trigger of autophagic neuronal
cell death after SCIR injury, as NAC, accompanied by a
reduction in MDA and increase in SOD, largely reduced
autophagic cell death and alleviated neurological and motor
function in SCIR injury. Finally, we identified H2S, which
reduced autophagic cell death and restored neurological
and motor function significantly by reducing oxidative
stress in SCIR injury. Moreover, H2S inhibited autophagic
neuronal cell death via the AKT-mTOR pathway. The
identification of oxidative stress as a trigger of autophagic
cell death in SCIR injury and the discovery of H2S exerting a
protective role in SCIR injury provide a new mechanism for
understanding innate immune responses during SCIR injury.
Moreover, these findings also suggest potential applications
of H2S in SCIR treatment.

The normal metabolic balance of eukaryotic cells is main-
tained by two main pathways: the ubiquitin-proteasome
pathway and the autophagy-lysosomal pathway [15]. As an
intracellular catabolic mechanism, autophagy maintains a
balance between protein synthesis and degradation and can

play a cell-protective or cell-destructive role, depending on
the specific pathological events [2]. Previous studies suggest
that autophagy contributes to cytoprotection in neurode-
generative disease and traumatic brain injury [42–45]. In
contrast, recent reports indicate that the activation of
autophagy induces cell death in a myocardial ischemia and
reperfusion model. In addition, autophagy can lead to
autophagic cell death in cerebral ischemia and in renal ische-
mia and reperfusion injury [8, 13]. Moreover, it has been
found that autophagy plays opposing roles during the
bimodal stage. Early activated autophagy (SCIR injury
induced by a 14min occlusion of the aortic arch) alleviates
spinal cord I/R injury via inhibiting apoptosis and inflamma-
tion; later excessively elevated autophagy levels, however,
aggravate I/R injury by inducing autophagic cell death [2].
Concurrent with these findings, we found that after 1 h of
aortic arch occlusion, autophagy exerts a destructive role on
neurons in SCIR injury. This was evident in a significant
number of TUNEL-positive cells colabeled with the autoph-
agy marker LC3, as well as in the finding that the autophagy
inhibitor 3-MA led to a decrease in TUNEL-positive cells and
restored neurological and motor function as indicated by
BBB scores.

The cellular and molecular mechanisms that result in
ischemia-reperfusion damage to the medulla spinalis have
not been explained clearly. The rapid increase in free radicals
and oxidative stress is currently considered the most critical
event for irreversible cellular damage in SCIR injury [46].
Neurotoxicity, intracellular calcium increase, lipid peroxida-
tion, and free radical formation are all part of a complex rela-
tionship in the pathophysiology of spinal cord ischemia.
Reperfusion restores lost cellular functions during ischemia;
however, it increases blood flow and tissue oxygenation and
thereby causes further damage in ischemic tissues via the
formation of reactive oxygen radicals [47]. Besides triggering
cell damage, oxidative stress has also been shown to be a
trigger of autophagy activation in neuronal cells [33]. Con-
current with this, we showed that the induction of autophagic
cell death during SCIR injury was oxidative stress-dependent.
We first found an increase in ROS expression and in MDA
concentration in the spinal cord, while the activity of
SOD was significantly reduced after I/R injury. Second,
we observed that accompanied by a decrease in ROS/
MDA and an increase in SOD, NAC inhibited autophagic
cell death and restored neurological and motor function in
SCIR injury. This reveals that oxidative stress plays a crucial
role in nerve destruction after SCIR injury. Therefore,
pharmacological therapies targeting oxidative stress may be
critical for restraining SCIR injury.

Hydrogen sulfide (H2S) is a gaseous messenger molecule
that has recently been implicated in various physiological-
pathological processes in mammals, including vascular relax-
ation, angiogenesis, I/R injury of the heart, and the function
of ion channels [19]. Recently, hydrogen sulfide has been
shown to exhibit protective effects against secondary neuro-
nal injury through the inhibition of malondialdehyde and
to suppress the effects of various reactive oxygen species
[48, 49]. Moreover, the administration of sodium hydrosul-
fide, a hydrogen sulfide donor, has been shown to reduce
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infarct volume and to improve neurological function by
reducing apoptosis in cerebral I/R injury [50]. However,
whether H2S could play a neuronal protective role in SCIR
injury is still unclear. In the present study, we found that
H2S (NaHS administration) attenuated the increase in
MDA concentration, while SOD activity in the spinal cord
after I/R injury increased. Furthermore, accompanied by
reduced autophagic cell death, neuronal and motor functions
were restored after SCIR injury. Moreover, our results
revealed that H2S inhibited autophagic cell death via the
AKT-mTOR pathway. This was evident in a reduction of
H2S-induced AKT and mTOR phosphorylation, mediated
by the AKT inhibitor Ly294002 and the mTOR inhibitor
rapamycin, respectively, and in a decrease in autophagic cell
death as well as the restoration of neuronal and motor func-
tion. Interestingly, accompanied by a decrease in AKT phos-
phorylation, we found that the AKT inhibitor Ly294002 also
attenuated mTOR phosphorylation, while a mTOR inhibitor
did not have the capacity to block AKT phosphorylation.
This implies that mTOR is the downstream molecule of
AKT in the neuronal protective pathway of H2S. The crucial
protective roles of AKT and mTOR in SCIR injury are con-
sistent with previous reports, as studies have demonstrated
that PI3K/AKT and its downstream mTOR complexes are
involved in the promotion of cell survival and growth in
SCIR injury [51].

As the final metabolite of sulfur-containing amino acids,
H2S exists both in the gaseous form and in the dissolved
NaHS form in vivo. NaHS can be hydrolyzed into Na+ and
HS−, the latter being able to bind H+ in the body to produce
H2S, which forms a dynamic equilibrium with NaHS [25].
The H2S concentration in a NaHS solution is stable, and an

NaHS solution has been widely used as an H2S donor [52].
Some studies have shown a protective effect of a low dose
of H2S in an in vivo study [53]. In an in vitro study, a phys-
iological concentration of H2S has been shown to protect
neurons against hypoxic injury [54]. It has been reported that
H2S levels above the physiological range can cause cytotoxic-
ity to neurons [25]. In the present study, we injected NaSH ·
H2O intraperitoneally at a concentration of 5.6mg/kg
(approximately 57μmol/kg) [25] to examine the effect of
exogenous H2S on SCIR injury. Although no obvious side
effects of this concentration were identified in this study, a
pretreatment with 180μmol/kg NaHS has been shown to
aggravate neuronal injury after ischemia [25, 55]. It is possi-
ble that pretreatment with a lower dose of exogenous NaHS
may increase and restore H2S levels to the physiological
range and thus protect neurons from I/R injury. However, a
higher dose of exogenous NaHS may contribute to levels
of H2S above the physiological range and thus predisposes
neurons to I/R injury. This may also partially explain the
controversial findings regarding the effects of NaHS in
different studies.

5. Conclusions

In conclusion, our study provides evidence that oxidative
stress is the main trigger of autophagic cell death in
SCIR injury and that H2S can exert a neuroprotective
role in SCIR injury by reducing oxidative stress. Our
findings uncover a new mechanism of SCIR injury and
suggest potential applications of H2S in the treatment
of SCIR injury.

Sham
I/R
I/R + H2S

I/R + H2S + Ly294002
I/R + H2S + Rapamycin

N
or

m
al

iz
ed

 to
 �훽

-a
ct

in

n.s.

0.8

0.6

0.4

0.2

0.0

p-
m

TO
R

p-
A

KT p6
2

Be
cl

lin
1

At
g 

12
-A

tg
 5

LC
3-

B

BC
L2 Ba

x

C-
ca

sp
as

e-
3

⁎⁎

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎

⁎⁎⁎
⁎⁎⁎
⁎⁎⁎ ⁎⁎⁎

⁎⁎⁎
⁎⁎⁎
⁎⁎⁎

⁎⁎⁎
⁎⁎⁎
⁎⁎⁎
⁎⁎⁎ ⁎⁎⁎

⁎⁎⁎
⁎⁎⁎
⁎⁎⁎

⁎⁎⁎
⁎⁎⁎
⁎⁎⁎
⁎⁎⁎

⁎⁎⁎
⁎⁎⁎
⁎⁎⁎
⁎⁎⁎

⁎⁎⁎
⁎⁎⁎
⁎⁎⁎
⁎⁎⁎

⁎⁎⁎
⁎⁎⁎
⁎⁎⁎
⁎⁎⁎

(e)

Figure 6: H2S inhibits neuronal autophagic cell death via the AKT-mTOR pathway. (a) Immunofluorescence analysis of TUNEL and LC3 in
the spinal cord after I/R treated with or without Ly294002 or rapamycin. (b) Immunohistochemistry staining of Bax in the spinal cord
after I/R treated with or without Ly294002 or rapamycin. (c) BBB scores of animals after SCIR treated with or without Ly284002 or
rapamycin. (d) Western blots of cleaved caspase-3, Bax, BCL2, LC3, Atg12-Atg5, p62, P-AKT, and P-mTOR in spinal cord extracts
from normal and I/R rats treated with or without H2S. (e) Densitometric analysis of the immunoblot reported in (d). Samples from
six normal and six I/R rats were pooled together. Images represent six rats per group with different treatments. Scale bar represent
10μm. ∗P < 0 05, ∗∗P < 0 01, ∗∗∗P < 0 001. Data were analyzed using one-way ANOVA in (e) and two-way ANOVA in (c). H2S: hydrogen
sulfide; LY: Ly294002; RA: rapamycin; mTOR: the mammalian target of rapamycin; LC3: microtubule-associated protein 1 light chain 3; I/
R: ischemia reperfusion; TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling; BBB: Basso, Beattie, and
Bresnahan; SCIR: spinal cord ischemia reperfusion; ANOVA: analysis of variance.
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