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Ischemic stroke is usually followed by inflammatory responses mediated by microglia. However, the effect of statins on directly
preventing posthypoxia microglia inflammatory factors to prevent injury to surrounding healthy neurons is unclear.
Atorvastatin and rosuvastatin, which have different physical properties regarding their lipid and water solubility, are the most
common HMG-CoA reductase inhibitors (statins) and might directly block posthypoxia microglia inflammatory factors to
prevent injury to surrounding neurons. Neuronal damage and microglial activation of the peri-infarct areas were investigated by
Western blotting and immunofluorescence after 24 hours in a middle cerebral artery occlusion (MCAO) rat model. The
decrease in neurons was in accordance with the increase in microglia, which could be reversed by both atorvastatin and
rosuvastatin. The effects of statins on blocking secretions from posthypoxia microglia and reducing the secondary damage to
surrounding normal neurons were studied in a coculture system in vitro. BV2 microglia were cultured under oxygen glucose
deprivation (OGD) for 3 hours and then cocultured following reperfusion for 24 hours in the upper wells of transwell plates
with primary neurons being cultured in the bottom wells. Inflammatory cytokines, including tumor necrosis factor-α (TNF-α),
interleukin-1β (IL-1β), and cyclooxygenase-2 (COX2), which are activated by the nuclear factor-kappa B (NF-κB) signaling
pathway in OGD-induced BV2 microglia, promoted decreased release of the anti-inflammatory cytokine IL-10 and apoptosis of
neurons in the coculture systems according to ELISA and Western blotting. However, pretreatment with atorvastatin or
rosuvastatin significantly reduced neuronal death, synaptic injury, and amyloid-beta (Aβ) accumulation, which might lead to
increased low-density lipoprotein receptors (LDLRs) in BV2 microglia. We concluded that the proinflammatory mediators
released from postischemia damage could cause damage to surrounding normal neurons, while HMG-CoA reductase inhibitors
prevented neuronal apoptosis and synaptic injury by inactivating microglia through blocking the NF-κB signaling pathway.

1. Introduction

Ischemic stroke, accounting for eighty percent of all strokes,
is one of the most common diseases and a leading cause of
death and disability worldwide [1–3]. It is usually followed
by inflammatory responses mediated by microglia [4, 5].
3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)

reductase inhibitors (statins) are traditional drugs widely
used for secondary prevention of ischemic stroke by lower-
ing lipids [6] and reducing inflammation [7, 8]. In addition,
some studies have reported that pretreatment with
HMG-CoA reductase inhibitors in animal stroke models
[9] is effective for improving both short-term [10] and
long-term functional outcomes in clinical trials [11].
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However, how to inhibit the secondary and morphological
injury of healthy neurons in the peri-infarct region must still
be explored. While inflammation-induced hypoxia-ischemia
neuronal damage has been previously reported [2, 12], the
direct effect of secretions from microglia after cerebral ische-
mia on healthy neurons will be studied, which we believe
may be a possible cause of penumbra formation. Actually,
atorvastatin has no direct neuron protection effects [13],
while rosuvastatin induces delayed preconditioning against
oxygen-glucose deprivation in cultured cortical neurons
[14]. That implies that the neuron loss inhibited by statins
does not completely follow the same mechanism as that on
neurons. According to the anti-inflammatory function of
statins, we reason that the same mechanism of the common
statins in neuroprotection under brain ischemia might be
antineuroinflammation by inhibiting the secretion of
microglia activation. This study will elucidate new targets
for determining how the inhibition of microglial secretion
by statin therapy can prevent deterioration of healthy
neurons.

Microglia are the principal immune cells in the brain,
representing a continuum of different phenotypes [15].
Therein, emerging studies have concentrated on the regula-
tory mechanisms that underlie the activation of microglia
andhave aimedat inhibiting themicroglia activation to secrete
proinflammatory cytokines such as tumor necrosis factor-α
(TNF-α), interleukin-1β (IL-1β), and cyclooxygenase-2
(COX2) to inhibit secondary inflammation injury after
ischemia in cells [16] and to facilitate protective microglia
to secrete anti-inflammatory cytokines, such as IL-10,
which my facilitate anti-inflammation, axonal outgrowth
and promote neuron recovery [17, 18].

Statin therapy induces competitive inhibition of choles-
terol synthesis by upregulating low-density lipoprotein
receptors (LDLRs) and lowering low-density lipoprotein
(LDL) in the peripheral blood system [19]. LDLR is a cell
surface receptor of LDL and causes hypercholesteremia
and risk of cardiovascular and cerebrovascular diseases,
including cerebral stroke, by acting in the catabolism of
LDL-C by endocytosis via clathrin-coated pits [19, 20]. Stud-
ies have shown that LDLR is also expressed in microglia and
decreased expression of LDLR led to increased circulating
LDL and neuroinflammation in Alzheimer’s disease models
[21–23]. Recent studies have also discovered that modula-
tion of LDLR may be a safe and efficient therapy for AD
by accelerating amyloid-beta (Aβ) clearance to inhibit neu-
ronal apoptosis [24, 25]. Vascular and neurodegenerative
pathologies contribute to Aβ accumulation and cause fur-
ther neurotoxicity due to proinflammation, apoptosis, and
synaptic injury pathways [26–29]. The immune system may
contribute to the outcome of infarction [30]. As a fact, the
observation study showed that a high percentage of patients
suffered from ischemic stroke subsequently to develop AD,
which suggests that there is a strong link between the
pathologies of stroke and AD. In addition, both hypoxia
and ischemic injury increase the production of Aβ by
hypoxia-inducible factor 1α (HIF1α) activating the increase
of BACE1 expression [31], which further confirms the link
between AD and stroke [32]. There is also evidence that

HMG-CoA reductase inhibitors exert anti-inflammatory
effects induced by Aβ [33].

Although statin therapy can induce anti-inflammatory
effects in many nervous system diseases, the direct effect of
statins on preventing posthypoxia microglial inflammatory
factors to minimize injury to surrounding healthy neurons
remains unclear. Thus, we investigated whether two com-
mon statins, atorvastatin and rosuvastatin, prevented secre-
tion by posthypoxia microglia to block secondary damage
to surrounding normal neurons in vitro. In clinical adminis-
tration, prior statin treatment is associated with lower stroke
severity and better outcomes in acute ischemic stroke
patients and statin pretreatment in patients with acute large
artery atherosclerosis appears to be associated with better
early outcomes regarding neurologic improvement, disabil-
ity, survival, and stroke recurrence [34].

2. Materials and Methods

2.1. Middle Cerebral Artery Occlusion (MCAO) Model. A
total of 45 male Sprague Dawley rats (200–250 g) were pur-
chased from Guangdong Medical Laboratory Animal Cen-
ter, Guangzhou, China. Thirty-five rats were subjected to
MCAO, and 10 rats served as sham-operated controls. The
MCAO model was developed as previously described [35].
Briefly, the rats were anesthetized with 10% chloral hydrate
(BBI Life Sciences, Shanghai, China, 300μL/100 g) by intra-
peritoneal injection. The left middle cerebral artery was
exposed through a subtemporal craniectomy and occluded
by electrocoagulation under an operating microscope.
Sham-operated animals underwent the same surgical proce-
dures apart from electrocoagulation. Before operation, rats
in the drug treatment and vehicle groups were intraperitone-
ally injected with rosuvastatin (Sigma, St. Louis, MO, USA,
5mg/mL in normal saline, 5mg/kg/d) or atorvastatin
(Sigma, St. Louis, MO, USA, dissolved in DMSO and
diluted in normal saline to 10mg/mL, 10mg/kg/d) and
isomolar vehicle for three days. The animal experimental
protocols were approved by the Animal Care and Use
Committee of Jinan University. All experimental protocols
involving rats were approved by the ethical committee of
Jinan University and performed in accordance with
approved guidelines and regulations.

2.2. 2,3,5-Triphenyltetrazolium Chloride (TTC) Staining. Five
MCAO rats were deeply anesthetized with 10% chloral
hydrate (600μL/100 g). The brains were quickly removed
and chilled at -20°C for 20min; the frozen brains were
then coronally sliced into six sections (2mm-thick sec-
tions). The sections were stained with 2% TTC (BBI Life
Sciences, Shanghai, China) at 37°C for 30min and fixed
in 4% paraformaldehyde for 24 hours at 4°C. The stained
slides were photographed using a camera (Leica, Heidel-
berger, Germany).

2.3. Cell Culture andOxygen-GlucoseDeprivation/Reperfusion
(OGD)Model. Immortal BV2 murine microglial cells exhibit
the phagocytosis and inflammatory activation characteristics
of microglia [36]. For BV2 microglia culture, BV2 cells were
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incubated in the upper wells of 6-well transwell plates
(40000/well) in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, New York, USA) with 10% foetal bovine
serum (FBS) (Biological Industries, CT, USA) for 24 hours
at 37°C in a 5% CO2 incubator.

For the OGD experiments, cells were incubated in
Hank’s buffer and placed in an oxygen-free culture induced
by a hermetic bag and AnaeroPack-Anaero (Mitsubishi Gas
Chemical, Tokyo, Japan) for 3 hours at 37°C. The cells were
then reperfused and reincubated with DMEM with 10% FBS
for 24 hours at 37°C in a 5% CO2 incubator.

For primary neuron culture, dissociated primary neu-
rons of the cerebral cortex were collected from new-born
mice within 12 hours of birth. Primary cortical neurons were
incubated in the bottom wells of 6-well transwell plates
(Corning, New York, USA) in DMEM/F12 (Gibco, New
York, USA) for 4 hours at 37°C in a 5% CO2 incubator.
The medium was then changed to neurobasal medium
(Gibco, New York, USA) with 2% B27 (Gibco, New York,
USA) and incubated for another 6 days at 37°C in a 5%
CO2 incubator.

To study the effect of microglia secretion on neurons,
coculture systems were set up as follows. After OGD for 3
hours and subsequent reperfusion for 24 hours at 37°C in a
5% CO2 incubator, hypoxic BV2 cells were carefully placed
in the upper wells of 6-well transwell plates and cocultured
with primary neurons in the bottom wells (Figure 1(c)).

2.4. Cell Viability Assays. The cell viability of BV2 cells was
determined using methylthiazolyldiphenyl-tetrazolium
(MTT) assays. A total of 5000 BV2 cells/well were incubated
in 96-well plates in DMEM with 10% FBS for 12 hours at
37°C in a 5% CO2 incubator. Before inducing OGD, BV2
cells were pretreated with different doses of atorvastatin
(0.1, 0.5, 1, and 2μM and the isomolar DMSO vehicle) or
rosuvastatin (0, 0.5, 1, 5, 10, and 20μM) for another 24
hours. After OGD culture, the medium was discarded and
the MTT reagent (20μL of 5mg/mL solution, Sigma, USA)
was added. The plate was incubated for 1 hour, and the
MTT reagent of each well was changed with DMSO
(150μL) to dissolve the insoluble purple substance. Next,
the plate was incubated at room temperature for 10min.
The absorbance was measured at 570nm using a microplate
reader (Varioskan Flash, Thermo, Finland).

The cell survival of neurons was determined by a lactate
dehydrogenase (LDH) assay after coculture of 10000 BV2
microglia and 10000 neurons in the six-well plates in neuro-
basal medium with 2% B27 for 5 days at 37°C in a 5% CO2
incubator [37]. Before coculture, the medium in the neuron
culture was changed with fresh neurobasal medium with 2%
B27. After OGD culture, the amount of LDH released from
the neurons was measured by an LDH activity assay kit
(Wanleibio, Liaoning, China) according to the manufac-
turer’s protocol. The absorbance was measured at 440 nm
using a microplate reader.

2.5. Enzyme-Linked Immunosorbent (ELISA) Assay. The
relative levels of IL-10 in supernatants of the neuron cul-
tures of the coculture systems were measured using a

mouse IL-10 ELISA Kit (Elabscience, Hangzhou, China)
according to the manufacturer’s protocol. The mouse
inflammation standard was used as the standard line. First,
100μL of each sample was added to each well for 40min.
After removing the liquid, 100μL of biotinylated detection
antibody was added and the cultures were incubated for 1
hour at 37°C. Then, 100μL of HRP conjugate was added
and the cultures were incubated for another 30min at
37°C. Finally, 90μL of substrate reagent was added for
15min, followed by 50μL of stop solution. The color in
each microwell changed from blue to yellow. The OD
value was immediately read at 450nm. The concentrations
of inflammatory factors were measured by the standard
line. The relative levels of IL-10 were compared to those
of the normal group.

2.6. Immunofluorescence Assays. Cell samples were fixed in
4% paraformaldehyde for 30min at room temperature, while
10μm slides from the animals’ frozen brains were fixed for
24 hours after heart perfusion. The immunofluorescence
experiments were similar for the cells and brain slides. After
incubation in 5% bovine serum albumin (BSA) and 0.2%
Triton X-100 in phosphate-buffered saline (PBS) for 1 hour
at room temperature, ionized calcium-binding adapter mol-
ecule 1 (Iba-1) (1 : 250; Santa Cruz Biotechnology, Texas,
USA), neuron-specific nuclear protein (NeuN) (1 : 250;
Abcam, MA, USA), LDLR (1 : 250; Abcam, MA, USA),
microtube-associated protein (1 : 250; Abcam, MA, USA),
and Aβ (1 : 250; Abcam, MA, USA) were applied overnight
at 4°C and the corresponding secondary antibodies (1 : 250;
Yeasen, Shanghai, China) were applied for 1 hour at room
temperature. Slides were then counterstained with 4,6-dia-
midino-2-phenylindole dihydrochloride (DAPI) (Thermo
Fisher, New York, USA) for 15min at room temperature.
Immunofluorescence images were captured under a confo-
cal microscope (Leica, Heidelberger, Germany), and the
cells were counted by using Image-Pro® Plus (Version
6.0 for Windows™, National Institute of Health, Bethesda,
MD, USA) [38].

2.7. Western Blotting Analysis. The expression of proteins of
BV2 cells and neurons cultured in the coculture systems or
brain tissues (the peri-infarct areas shown in Figure 2(a))
was analyzed by Western blotting. First, protein concentra-
tion was determined by using a BCA protein assay kit (Beyo-
time, Shanghai, China). The protein in each sample was
separated by SDS/PAGE (Beyotime, Shanghai, China) and
transferred to nitrocellulose membranes (NC, GE Health-
care Life Sciences, PA, USA). The membrane was blocked
in 5% nonfat milk for 1 hour at room temperature. Then,
NC membranes were incubated with hypoxia-inducible fac-
tor-1α (HIF1-α) (1 : 1000; Cell Signaling Technology, MA,
USA), Iba-1 (1 : 1000; Santa Cruz Biotechnology, Shanghai,
China), altered response to gravity1 (Arg1) (1 : 1000; Cell
Signaling Technology, MA, USA), TNF-α (1 : 1000; Wanlei-
bio, Shenyang, China), IL-1β (1 : 1000; Wanleibio, Shenyang,
China), COX2 (1 : 1000; Cell Signaling Technology, MA,
USA), pNF-κB (1 : 1000; Cell Signaling Technology, MA,
USA), pIκBa (1 : 1000; Cell Signaling Technology, MA,
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USA), postsynaptic density 95 (PSD95) (1 : 1000; Cell Signal-
ing Technology, MA, USA), growth-associated protein 43
(GAP43) (1 : 1000; Wanleibio, Shenyang, China), cleaved-
caspase 3 (cC3, 1 : 1000; Cell Signaling Technology, MA,
USA), and β-actin (1 : 1000; Cell Signaling Technology,
MA, USA) at 4°C for 16 hours. The membranes were then
incubated for 1 hour with the corresponding horseradish
peroxidase-conjugated IgG secondary antibody (Yeasen,
Shanghai, China) at room temperature. Protein bands were
visualized by using a chemiluminescence detection kit
(Wanleibio, Liaoning, China).

2.8. Statistical Analysis. Data in the groups were analyzed
with GraphPad Prism 5.0 (GraphPad Software, La Jolla,
CA 92, USA) and one-way ANOVA in SPSS 19.0 (Abacus
Concepts Inc., Chicago, IL, USA). All quantitative values
were expressed as the mean± standard error of the mean
(SEM). Fisher’s least significant difference (LSD) test was
used for comparison between groups when homogeneity
of variance was determined, while Tamhane’s T2 test
was used for comparison between groups when homoge-
neity of variance was not determined. Spearman test was
used for correlation analysis of NeuN- and Iba-1-positive
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Figure 1: Rosuvastatin and atorvastatin suppressed the death of neurons by blocking inflammatory stimulation in the coculture systems. (a,
b) Cell viability of BV2 cells for different concentrations of rosuvastatin and atorvastatin after OGD damage was measured by MTT assays.
Values shown are expressed as themean ± SEM as the ratio to the C group was assessed by one-way ANOVA followed by L test (homogeneity
of variance was determined); n = 3. ∗p < 0 05 vs. the C group and #p < 0 05 vs. the OGD group. (c) In the coculture systems, the BV2 cells in
the upper wells were carefully placed on 6-well transwell plates and cocultured with neurons in the bottom wells. (d) Relative LDH levels in
neurons cocultured with BV2 microglia were determined by LDH assays. (e, f) IL-10 expression in both BV2 cell culture supernatants and
neuron culture supernatants was determined by ELISA. (b, c) Values shown are expressed as the mean ± SEM as the ratio to the C group
was assessed by one-way ANOVA followed by LSD test (homogeneity of variance was determined), except that the expression of IL-10 of
BV2 between-group differences was assessed by one-way ANOVA followed by Tamhane’s T2 test (homogeneity of variance was not
determined); n = 4. ∗p < 0 05 vs. the C group, ∗∗p < 0 01 vs. the C group, #p < 0 05 vs. the OGD group, ##p < 0 05 vs. the OGD group, and
&&&p < 0 05 vs. the OGD group +R.
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cells. Differences among groups were deemed significant at
p < 0 05.

3. Results

3.1. Rosuvastatin and Atorvastatin Reduced the Number of
Microglia and the Decrease in Neurons in MCAO Rats.
Microglia are the principal immune cells of the brain [39]
and are usually marked by Iba-1, an inflammation-associated
Ca2+-binding protein produced from microglia [40]. The
peri-infarct areas (Figure 2(a), the area of infarction is
shown in white in the left cerebral cortex with TTC

staining and the periphery of the ischemic area marked
by the blue line was defined as the peri-infarct area) were
collected for immunofluorescence and Western blotting.
To investigate the neuroprotective effect of HMG-CoA
reductase inhibitors in cerebral ischemia, HIF1-α was mea-
sured to determine whether HIF1-α was downregulated in
brain cells in low-oxygen levels in the MCAO group pre-
treated with the HMG-CoA reductase inhibitor. In addi-
tion, the protein expression of Iba-1 assessed by Western
blotting was promoted in the MCAO group, which was
reduced in the MCAO surgery rats pretreated with rosu-
vastatin and atorvastatin (Figure 2(b), p < 0 05). This
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Figure 2: Microglial activation in cerebral ischemic rats. (a) An infarcted area appeared in the dorsolateral cortex at ischemic day 1 following
occlusion of the distal striatal branch of the MCA with TTC staining. White areas indicate infarcted tissues, whereas red areas indicate normal
tissues. The periphery of the ischemic area marked by the line was defined as the peri-infarct area. (b) HIF1-α and Iba-1 were determined in
the ischemic cerebral cortex byWestern blotting using respective antibodies. Quantified HIF1-α and Iba-1 are expressed as ratios to the sham
group. Values shown are expressed as the mean ± SEM, which were assessed by one-way ANOVA followed by LSD test (homogeneity of
variance was determined); n = 5. ∗p < 0 05 vs. the sham group and #p < 0 05 vs. the MCAO group.
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suggested that hypoxia is the potential stress for Iba-1
increasing.

NeuN is a specific nuclear protein marker of neurons.
The NeuN-positive cells in the peripheral area also showed
similar patterns. The NeuN-positive cells significantly
reduced in the MCAO group ( 9 64 ± 1 04 × 104 cells/mm3)
as compared to the sham group ( 19 74 ± 0 33 × 104
cells/mm3) (∗∗p < 0 01), and three days of HMG-CoA pre-
treatment reversed the death of neurons induced by ische-
mic damage ( 16 36 ± 0 33 × 104 cells/mm3 in MCAO+R;
16 6 ± 0 52 × 104 cells/mm3 in MCAO+A, Figure 3, #p <
0 05, ##p < 0 01). Meanwhile, the number of Iba-1-positive
cells was significantly increased, which might impose further
inflammatory injury ( 0 28 ± 0 04 × 104 cells/mm3, &&&p
< 0 05) of the MCAO group compared with the sham group
( 3 10 ± 0 20 × 104 cells/mm3, Figure 1(b)) and three days
of HMG-CoA pretreatment reversed the death of neurons
induced by ischemic damage ( 1 30 ± 0 12 × 104 cells/mm3

in MCAO+R; 1 88 ± 0 29 × 104 cells/mm3 in MCAO+A,
Figure 3, ▲p < 0 05, ▲▲▲p < 0 05). By Spearman correlation
analysis, there was a negative correlation between the two
positive cell numbers (correlation coefficient = −0 788, p <
0 001). Therefore, rosuvastatin and atorvastatin attenuated
neuronal death related to the hypoxia-induced microglia
activation in MCAO rats.

3.2. Rosuvastatin and Atorvastatin Suppressed the Death of
Neurons Caused by OGD-Induced BV2 Microglial Damage.
To further identify the mechanism of the neuroprotective
effect of the HMG-CoA reductase inhibitor, an in vitro exper-
iment was designed. First, it was found that rosuvastatin and
atorvastatin exerted protection in OGD-damaged BV2 cells
comparedwith control cells and themost appropriate concen-
trations were 5μMrosuvastatin, which significantly increased
cell viability in the ischemic condition (87 04 ± 6 98% vs.
64 86 ± 9 57% in the OGD group), and 1μM atorvastatin,
which significantly increased cell viability in the ischemic con-
dition (78 10 ± 4 40% vs. 67 52 ± 9 64% in the OGD group)
in vitro (Figures 1(a) and 1(b), p < 0 05). It was observed that
the hypoxic BV2 cells induced by OGD were neurotoxic to
the primary neurons in the coculture systems (Figures 1(c)
and 1(d), p < 0 05), which revealed thatmicroglia had the abil-
ity to release some micromolecules that passed through the
membrane of the transwell plate and contributed to neuronal
injury after hypoxic stimulation. However, rosuvastatin and
atorvastatin pretreatment reversed the BV2-induced neuro-
toxicity and protected neurons by blocking this pathway. As
brain recovery and brain damage depend on the balance of
proinflammation and anti-inflammation after ischemic
stroke, it is necessary to determine the inflammatory cytokines
involved in statin therapy. To explore whether HMG-CoA
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Figure 3: Rosuvastatin and atorvastatin decreased the number of microglia and reduced the decrease in neurons in MCAO rats.
Ischemic injury resulted in increased numbers of Iba-1-positive cells and decreased numbers of neurons in the peri-infarct area
cortex by immunofluorescence assays. Numbers of Iba-1 positive cells (cells/mm3) are expressed as compared to the sham group
(&p < 0 05, &&p < 0 01, and &&&p < 0 001) and to the MCAO group (#p < 0 05, ##p < 0 01), while numbers of NeuN-positive cells are
expressed as compared to the sham group (∗∗p < 0 01, ∗∗∗p < 0 001) and to the MCAO group (▲p < 0 05, ▲▲p < 0 01). These values
were assessed by one-way ANOVA followed by LSD test (homogeneity of variance was determined); n = 5.
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reductase inhibitors prevented neuronal damage by suppress-
ing microglial activation and inflammatory stimulation,
inflammatory factors were measured by ELISA and Western
blotting. We next measured IL-10 and found that the level of
IL-10 in the supernatants of neurons under the OGD condi-
tion was lower than that in the control group, while pretreat-
ment with rosuvastatin and atorvastatin significantly
upregulated IL-10 levels (Figures 1(f) and 1(g), p < 0 05).

3.3. Rosuvastatin and Atorvastatin Prevented Neuronal
Damage by Blocking Inflammatory Stimulation in Coculture
Systems. Studies showed that hypoxia can enhance the
expression of HIF-1α in microglia and cause microglial acti-
vation on inflammation [41, 42]. During hypoxic HIF-1α
binding to the hypoxic responsive element (HRE), the
expression of NF-κB in microglia is induced [43], to exag-
gerate inflammatory response by microglia and provoke
excessive secretion of proinflammatory cytokines including
IL-1β and TNF-α [44]. As shown in Figures 4(a) and 4(b),
the phenotype of BV2 cells was assessed by Western blot-
ting. Herein, it was the expression of the marker of protec-
tive microglia Arg1 [45], companied with the increase of
the HIF-1α level of OGD-treated BV2 cells, that significantly
decreased (∗∗∗p < 0 001 vs. C, #p < 0 05 vs. OGD, and &p
< 0 05 vs. OGD+R) while the Arg1/Iba1 level was signifi-
cantly increased by the rosuvastatin and atorvastatin treat-
ment (∗p < 0 05 vs. C, ∗∗p < 0 01 vs. C, #p < 0 05 vs. OGD,
and &p < 0 05 vs. OGD+R, Figure 4(c)). Furthermore, we
sought to elucidate the protective mechanism of the
HMG-CoA reductase inhibitors and analyze the levels of
pNF-κB, pIκBa, and their downstream responsive inflamma-
tory factors, such as TNF-α, IL-1β, and COX2. The NF-κB
signaling pathway regulates both inflammation and apopto-
sis in cerebral ischemia. As expected, OGD-induced BV2
microglia exhibited significantly increased expression of
inflammatory cytokines, such as TNF-α and COX2
(Figures 4(d)–4(g), ∗∗∗p < 0 001 vs. C, ∗∗p < 0 01 vs. C, ###

p < 0 001 vs. OGD, &p < 0 05 vs. OGD+R, and &&&p <
0 001 vs. OGD+R; IL-1β exhibited a similar, nonsignificant
trend), as well as enhanced activation of pIκBα and pNF-κB,
which could be significantly decreased by rosuvastatin and
atorvastatin treatment (Figures 5(h)–5(j), ∗∗∗p < 0 001 vs.
C, ∗∗p < 0 01 vs. C, ###p < 0 001 vs. OGD, #p < 0 05 vs.
OGD, and &&&p < 0 001 vs. OGD+R). Therefore,
HMG-CoA reductase inhibitors prevent microglial
activation-induced neuronal damage by blocking the pIκ-
Bα/pNF-κB signaling pathway and decreasing downstream
inflammatory cytokines such as TNF-α, IL-1β, and COX2.
Rosuvastatin, compared with atorvastatin, significantly
reduced NF-κB and IkBa phosphorylation for TNF-α reduc-
tion and Arg1 promotion under OGD condition.

3.4. Rosuvastatin and Atorvastatin Increased LDLR
Expression in Hypoxic BV2 Cells. LDLR is expressed in the
brain, especially in microglia. The levels of LDLR down-
regulation will lead to the increase of circulating LDL
and neuroinflammation in Alzheimer’s disease models,
while as the potential targets of statins in ischemic stroke,
the decrease of LDLR could be inhibited by statin

treatment [24]. Herein, Western blot will be used to iden-
tify whether LDLR involved in the pathway of microglia
activity induced neuron damage. As expected, the LDLR level
was significantly decreased in OGD-induced BV2 cells com-
pared with control cells (∗∗∗p < 0 01, ∗∗p < 0 01, and ∗p <
0 05), while rosuvastatin and atorvastatin upregulated the
expression of LDLRs (###p < 0 001, ##p < 0 01), which may
activate subsequent anti-inflammatory and neuroprotective
effects (Figures 5(a) and 5(b), p < 0 05). Meanwhile, DAPI
staining of cells was intact in the control group; OGD and
reperfusion (OGD) caused aggravation of apoptosis and kar-
yopyknosis, forming a number of particle spots in nuclei,
while rosuvastatin and atorvastatin reduced particle spots
in the OGD+R and OGD+A groups [46].

3.5. Rosuvastatin and Atorvastatin Exert Neuroprotective
Effects against OGD Damage by Decreasing Aβ
Accumulation in Neurons. LDLRs contribute in Aβ clear-
ance and inhibit neuronal apoptosis in vascular and neu-
rodegenerative diseases, further leading to neurotoxicity
by proinflammation, apoptosis, and synaptic injury path-
ways [29]. It is also known that proinflammatory cyto-
kines secreted by microglia promote cognitive deficits in
aged people and Alzheimer’s disease (AD) patients [44,
47]. In addition, OGD-induced Aβ via the activation of
the NF-κB pathway could be detected by immunolabeling
[38]. To investigate the role of Aβ in mediating the neuro-
protective effect of HMG-CoA reductase inhibitors
against OGD damage, we performed a study in primary
neurons in vitro, and for detecting the Aβ accumulation,
fluorescence immunolabeling for Aβ signaling cells was
available [38, 48]. We found that the increased Aβ levels
in the cytoplasm of neurons induced by OGD were sig-
nificantly decreased by both rosuvastatin and atorvastatin
treatment (Figures 6(a) and 6(b), ∗p < 0 05 vs. C, #p <
0 05 vs. OGD).

3.6. Rosuvastatin and Atorvastatin Protected Neurons in the
OGD Coculture System. As Aβ accumulation exerts neuro-
toxicity by apoptosis and synaptic injury pathways [29],
we sought to determine whether antiapoptosis and anti-
synaptic injury are involved in the neuroprotective path-
way of HMG-CoA reductase inhibitors. PSD95 and
GAP43 were considered neuronal plasticity markers, as
they play crucial roles in stimulating synapse formation
and reconstruction [49]. Thus, PSD95 and GAP43 were
identified by Western blotting. As expected, PSD95 and
GAP43 were significantly decreased in OGD cells com-
pared with control cells, while rosuvastatin and atorva-
statin significantly increased the expression of these
synaptic proteins (Figures 7(a)–7(c), p < 0 05). CC3 is
known as a key marker of apoptosis status [50]. Rosu-
vastatin and atorvastatin also exhibited antiapoptotic
effects by decreasing the upregulation of CC3 levels
induced by OGD damage (Figures 7(a) and 7(d), p <
0 05). Therefore, the HMG-CoA reductase inhibitors
suppressed the OGD-induced LDLR downregulation and
Aβ accumulation and further protected neurons from
apoptosis and synaptic injury.
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Figure 4: Rosuvastatin andatorvastatinprevented inflammatory activity inBV2microglia. (a)HIF1-α,Arg1, and Iba-1weredetermined inBV2
cells byWesternblottingusing the respective antibodies.Quantified (b)HIF1-α/β-actinand (c)Arg1/Iba-1are expressedas ratios to theCgroup.
(d, h)TNF-α, IL-1β, COX2,pNF-κB, andpIκBαweredetermined inBV2cells byWesternblottingusing the respective antibodies.Quantified (e)
TNF-α, (f) IL-1β, (g) COX2, (i) pNF-κB, and (k) pIκBα are expressed as ratios to the C group. Values shown are expressed as themean ± SEM,
and between-group differences were assessed by one-wayANOVA followed by LSD test (homogeneity of variance was determined), except that
the expression of IL-1β between-group differences was assessed by one-way ANOVA followed by Tamhane’s T2 test (homogeneity of variance
was not determined); n = 3. ∗∗∗p < 0 001 vs. the C group, ∗∗p < 0 01 vs. the C group, ∗p < 0 05 vs. the C group, ###p < 0 001 vs. the OGD group,
#p < 0 05 vs. the OGD group, &&&p < 0 001 vs. the OGD+R group, and &p < 0 05 vs. the OGD+R group.
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Figure 5: Rosuvastatin and atorvastatin increased LDLR expression in hypoxic BV2 cells. (a) OGD damage decreased the level of LDLR
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Figure 6: Rosuvastatin and atorvastatin exert neuroprotective effects against OGD damage by decreasing Aβ accumulation in neurons. (a)
OGD damage resulted in increased levels of Aβ immunoreactivity in primary neurons. (b) Numbers of Aβ/β-tubulin III-positive cells are
expressed as ratios to the C group. Values shown are expressed as the mean ± SEM, and between-group differences were assessed by
one-way ANOVA followed by LSD test (homogeneity of variance was determined); n = 3. #p < 0 05 vs. the OGD group and ∗p < 0 05 vs.
the C group.
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4. Discussion

The available evidence has indicated that microglial activa-
tion results in the overproduction of proinflammatory cyto-
kines, such as tumor necrosis factor-α (TNF-α), which may
contribute to the development and progression of postis-
chemic neuronal damage [51, 52]. Recent randomized clinical
trials have demonstrated that HMG-CoA reductase inhibi-
tors improve short-term [10] and long-term functional out-
comes of ischemic stroke patients [11, 53], although statins
have been proven to be neuroprotective in cerebral ischemia
in vivo [8, 54, 55] and in vitro [56, 57]. A recent study showed
that the administration of HMG-CoA reductase inhibitors
was beneficial for neurodegenerative disorders through
cholesterol-independent and cholesterol-dependent path-
ways and the effects were summarized as immunomodulation
by suppression of inflammation and Aβ [2, 58, 59]. Atorva-
statin and rosuvastatin, which are water- and lipid-soluble
statins, respectively, are the traditional and most widely used
drugs for the secondary prevention of ischemic stroke. In a
previous study, atorvastatin did not protect from OGD and
even exaggerated apoptotic cell death induced by several
toxins [13], which differs from the studies in vivo; herein, in
coculture studies of microglia and neuron under OGD condi-
tion, atorvastatin might improve the animal neuron survival
by the mechanisms of antilipid, anti-inflammation, and so
on. However, atorvastatin might have no direct neuron pro-
tection effects. Different from atorvastatin pretreatment,
rosuvastatin induces delayed preconditioning against
oxygen-glucose deprivation in cultured cortical neurons by
decreasing ROS production and ATP levels [14]. However,

whether the secretion itself frommicroglia affects the neurons
and the associated effect of statin are unclear. This study
showed the indirect protection on neurons by reducing
microglia inflammation. Herein, we investigated the effects
of these two physical classes of statins and the underlying
neuroprotective mechanism by which they directly inhibit
microglial secretion under hypoxia in vitro.

In the ischemic brain in vivo, activated microglia initially
restrict the ischemic region and increase brain damage in the
very beginning; however, proinflammatory mediators pro-
duced from microglia will activate more microglia to bring
many secondary complications that prolong neuron damage
in an acute phase of brain ischemia [60]. We observed the
peri-infarct area of cerebral ischemia rats, where microglia
were marked with Iba-1, and there were decreased neurons
marked with NeuN. Therefore, we suspected that microglia
suffered hypoxic damage released some micromolecules that
transferred to the surrounding zones to induce injury to
healthy neurons. Furthermore, the expression of Iba-1 was
inhibited by HMG-CoA reductase inhibitors, including rosu-
vastatin and atorvastatin.

To further study the mechanism of the antineuroinflam-
mation effect, we used posthypoxia BV2microglia cocultured
with normal neurons and evaluated the status of the neurons
in transwell plates. In order not to harm neurons in the first
place, we chose the protective doses of statins to inhibit
microglia activation in vivo—which doses always affect the
microglia viability to the same level as other antineuroin-
flammation drugs, such as “Celastrol” [61, 62]. It is hard to
distinguish whether the neuroprotective effect is inhibited
by antineuroinflammation or killing cells. Virtually, our
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Figure 7: Rosuvastatin and atorvastatin protected neurons in the OGD coculture system: (a) PSD95, GAP43, and cC3 were determined in
neurons by Western blotting using the respective antibodies. Quantified (b) PSD95, (c) GAP43, and (d) cC3 protein levels are expressed as
ratios to the C group. Values shown are expressed as the mean ± SEM; n = 3. ##p < 0 01 vs. the OGD group, #p < 0 05 vs. the OGD group,
and ∗p < 0 05 vs. the C group.
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speculation is focused on the indirect neuroprotective effect
by antineuroinflammation. In vitro, it is necessary and easy
to control the viability, because we should choose the doses
which do not harm cell viability and antineuroinflammation
to further verify the speculation that the neuroprotective
effect of statin pretreatment is due to the indirect function
of neuroinflammation. The minimal concentration of rosu-
vastatin resulting in neural cell damage is >10μM, while
0.5–10μM rosuvastatin is effective to inhibit the activation
of microglia. Similarly, the minimal concentration of atorva-
statin resulting in neurite loss is more than 2μM [63], while
0.1–1μM atorvastatin is effective to inhibit the activation of
microglia. Thus, the dose of 10μM rosuvastatin and 1μM
atorvastatin can be optimized to a concentration that does
not cause neuronal injury.

Under OGD conditions, microglia, as macrophages, dif-
ferentiated into the proinflammatory microglia, rather than
the anti-inflammatory ones, and secreted proinflammatory
mediators and cytokines, including IL-1β, TNF-α, and
COX2, while atorvastatin inhibited inflammation via the
expression of TNF-α and IL-1β and activation of caspase-3
[8, 64, 65]. Herein, the statins caused reduced TNF-α,
IL-1β, and COX2 levels in the supernatants of hypoxia BV2
microglia, while damage to neurons was decreased according
to the detected levels of LDH and upregulated levels of
anti-inflammatory cytokine IL-10. Ischemia is known to
increase the deleterious effect of Aβ production for synaptic
impairment by induction of IL-1β and TNF-α of microglia,
contributing to early cognitive impairment in Alzheimer’s
disease [66, 67]. We also observed Aβ accumulation and sub-
sequent apoptosis and synaptic injury in neurons. PSD95 and
GAP43 are related to synaptic plasticity and the expression of
microtubule-associated protein 2 (MAP2) [68], while Aβ

accumulation induces decreases in PSD95 and GAP43 until
synaptic toxicity of neurons occurs [69]. With the adminis-
tration of HMG-CoA reductase inhibitors, the levels of
PSD95 and GAP43 decreased, accompanied by reduced Aβ
accumulation. In addition, we observed reduced expression
of CC3 following pretreatment with rosuvastatin and atorva-
statin, supporting the conclusion that statins protected
against hypoxia injury and, specifically, that statins increased
the neuronal cell survival rate after ischemia.

Many studies have suggested that NF-κB activation is
involved in ischemic brain damage [70, 71]. We and other
investigators have demonstrated that the neuroprotective
effects of several drugs are associated with inhibition of
NF-κB activation and microglial inflammation [72, 73]. The
present study showed that statins could regulate NF-κB acti-
vation and the inflammatory response of microglia to cause
a proinflammation response in neurons. NF-κB transcription
factors are usually present in the cytosol in an inactive state
complexed with inhibitory IκB proteins; activation occurs
via phosphorylation of IκBα at Ser32 and Ser36 followed by
proteasome-mediated degradation, which results in the
release and nuclear translocation of active NF-κB in activated
microglia. However, rosuvastatin and atorvastatin might pro-
hibit the activation of IκBα to inhibit the ischemia-induced
activation of NF-κB, and thus, the expression of proinflam-
matory mediators and cytokines, including IL-1β, TNF-α,
and COX2, was inhibited. Paralleled with the decrease in
inflammation, the enhanced expression of LDLR in microglia
was prevented by both atorvastatin and rosuvastatin. Statins
are cholesterol-lowering drugs and react in a complex man-
ner with LDLRs, and many studies have shown that LDLRs
decrease circulating LDL levels and prevent neuroinflamma-
tion in Alzheimer’s disease models [21, 23]. Therefore,
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Figure 8: HMG-CoA reductase inhibitors prevent Aβ accumulation-induced apoptosis and synaptic injury in neurons by ameliorating the
LDLR downregulation induced by OGD damage in microglia, suppressing microglia activity by blocking the pIκBα/pNF-κB signaling
pathway and decreasing downstream inflammatory cytokines such as TNF-α, IL-1β, and COX2 and upregulating the anti-inflammatory
cytokine IL-10.
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LDLRs might be regulated in microglia activation by both
atorvastatin and rosuvastatin in ischemic stroke [74].

There were some limitations of the current study. BV2
cells are the best useful model to study microglia but also
have many limitations, including different phenotypic, func-
tional, and transcriptomic differences compared to primary
microglia and even more with in vivo microglia; so, further
studies should be validated in vivo at the future. Microglial
secretion that caused morphological damage to the sur-
rounding normal neurons should be verified by animal
experiments. Furthermore, all secreted factors, in addition
to the IL-1β, TNF-α, and COX2 cytokines, such as exosomes
and microvesicles should be detected by microdialysis tech-
nology and proteomics analyses in vivo, which calls for fur-
ther studies.

5. Conclusion

In summary, our study concluded that the proinflammatory
mediators released from postischemia damage could cause
damage to normal neurons, while HMG-CoA reductase
inhibitors prevented neuronal apoptosis and synaptic injury
by inactivating microglia. The underlying mechanism is that
HMG-CoA reductase inhibitors prevent Aβ accumulation-
induced apoptosis and synaptic injury in neurons by amelio-
rating the LDLR downregulation induced by OGD damage in
microglia, suppressing microglia activity by blocking the pIκ-
Bα/pNF-κB signaling pathway and decreasing down-
stream inflammatory cytokines such as TNF-α, IL-1β,
and COX2 and upregulating the anti-inflammatory cyto-
kine IL-10 (Figure 8).
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