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The Neuroprotective Effects of Simvastatin on High Cholesterol Following Traumatic

Brain Injury in Rats
Arng Jack Chong1, Sher-Wei Lim2,3, Yao-lin Lee1, Chung-Ching Chio1, Chin-Hung Chang1, Jinn-Rung Kuo1,5,
Che-Chuan Wang1,4,5
-BACKGROUND: High cholesterol has been correlated
with a greater risk of cerebrovascular diseases. Whether
pre-existing high cholesterol exacerbates traumatic brain
injury (TBI), and whether treatment with the cholesterol-
lowering agent simvastatin has neuroprotective effects,
especially anti-neuroinflammatory effects, after TBI are not
well investigated.

-METHODS: Five-week-old male SpragueeDawley rats
were fed a high-fat diet for 8 weeks to induce hypercho-
lesterolemia. Anesthetized male SpragueeDawley rats
were divided into 5 groups, including the sham-operated
control, TBI control, and TBI with simvastatin treatment
(4 mg/kg, 10 mg/kg, or 20 mg/kg) groups. Simvastatin was
intraperitoneally injected at 0, 24, and 48 hours after TBI.
Motor function was measured using an inclined plane.
Neuronal apoptosis (maker Neu-N, terminal deoxy-
nucleotidyl transferase-mediated dUTP-biotin nick end la-
beling), tumor necrosis factor-a expression in microglia
(marker OX42) and astrocytes (marker glial fibrillary acidic
protein), and Tumor necrosis factor-alpha receptor (TNFR) 1
and TNFR2 expression in neurons in the ischemic cortex
were investigated using an immunofluorescence assay. All
of the parameters were measured on the third day after TBI.

-RESULTS: TBI significantly increased the serum levels of
cholesterol. The TBI-induced motor deficit was signifi-
cantly attenuated by 4, 10, and 20 mg/kg simvastatin
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Abbreviations and Acronyms
CSF: Cerebrospinal fluid
DAPI: 40,6-diamidino-2-phenylindole
GFAP: Glial fibrillary acidic protein
i.m.: Intramuscularly
TBI: Traumatic brain injury
TNF-a: Tumor necrosis factor-alpha
TNFR1/TNFR2: Tumor necrosis factor-alpha receptor 1/2
TUNEL: Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end
labeling
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therapy on the third day after TBI. TBI-induced neuronal
TNFR1 activation and apoptosis, as well as tumor necrosis
factor-a expression in astrocytes in the ischemic cortex,
were significantly attenuated by simvastatin, particularly
when 20 mg/kg was administered. Simultaneously, the
serum cholesterol remained high despite simvastatin
treatment.

-CONCLUSIONS: The neuroprotection effects of simva-
statin on the pre-existing hypercholesterolemia during TBI
in rats may be related to its anti-neuroinflammatory effects
but not to its cholesterol-lowing effects.
INTRODUCTION
igh cholesterol is a common symptom in the general
population and has been defined as an increase in
Hfasting serum cholesterol.1 High cholesterol is well known

to increase the risk of cerebrovascular diseases.2 Thirumangalakudi
et al.3 indicated that a high-cholesterol diet induces neuro-
inflammation characterized by glial activation and proinflammatory
cytokines and cytokine expression in amodel of dementia. Kay et al.4

demonstrated that, following traumatic brain injury (TBI), patients
show an increase in cholesterol in the cerebrospinal fluid (CSF)
because the brain is very cholesterol-rich. However, whether
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Figure 1. The overall experimental protocol in the current study. SD,
SpragueeDawley; I.P., intraperitoneally; TNF-a, tumor necrosis factor-a;
DAPI, 40,6-diamidino-2-phenylindole; GFAP, glial fibrillary acidic protein;
TNFR1, tumor necrosis factor-alpha receptor 1; TNFR2, Tumor necrosis
factor-alpha receptor 2; TUNEL, terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end labeling.

Figure 2. Effects of simvastatin (Sim.) treatment on traumatic brain injury
(TBI)-induced loss of body weight 72 hours after TBI in the rats with
pre-existing hypercholesterol. ***P < 0.001 (n ¼ 6 in each group).
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pre-existing high cholesterol exacerbates TBI in experimental rats is
not well investigated.
Astrocyte and microglia activation are markers of neuro-

inflammation that result in the release of tumor necrosis factor-
alpha (TNF-a), and these markers have been observed in the
brain following TBI.5,6 Several studies have shown TNF-a trans-
duces death and survival signaling through its cognate receptors,
tumor necrosis factor-alpha receptor 1/2 (TNFR1/TNFR2), in
neurons.7,8 Therefore, neuroinflammation may play a key role in
exacerbating the outcome of TBI. However, at this time, the ef-
fects of pre-existing high cholesterol in the rat (induced by feeding
with a high cholesterol diet) before TBI are not well reported.
Simvastatin, a 3-hydroxy-3-methylglutaryl coenzyme A reductase

inhibitor and a cholesterol-lowering agent, is commonly applied
in clinical settings.9 Simvastatin has been found to be
Table 1. Characteristic of Male SD Rats after 8 Weeks of a
Normal Diet or High-Fat Diet

Normal Diet High-Fat Diet

Body weight, g 453 � 9.49 489 � 10.85*

Serum total cholesterol, mmol/L 1.44 � 0.06 1.79 � 0.05y
SD, SpragueeDawley.
*Significant difference, P < 0.05.
ySignificant difference, P < 0.001.
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neuroprotective in both transient and permanent experimental
TBI via its anti-inflammatory effects.10,11 However, some reports
have indicated that statins were potentially neuroprotective inde-
pendent of their effects on serum cholesterol.12,13 Therefore, it is
worth investigating the neuroprotective mechanisms of simva-
statin by using a specific rat model of high cholesterol in TBI.
In the current study, we hypothesized that TBI may induce the

development of greater cholesterol and neuroinflammatory events.
Figure 3. Effects of simvastatin (Sim.) treatment on traumatic brain injury
(TBI)-induced motor deficits 72 hours after TBI in the rats with
pre-existing hypercholesterol. *P < 0.05, ***P < 0.001, #P < 0.05, and
##P < 0.01 (n ¼ 6 in each group).
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Figure 4. Effects of simvastatin (Sim.) treatment on
traumatic brain injury (TBI)-induced TNF-a expression
72 hours following TBI (DAPI þ TNF-a marker) in
the peri-lesioned cortex. #P <0.05, ##P < 0.01,

###P < 0.001, and ***P < 0.001 (n ¼ 6 in each
group). DAPI, 40,6-diamidino-2-phenylindole; TNF-a,
tumor necrosis factor-a.
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We also hypothesize that the neuroprotective effects of simvastatin
after TBI may relate to its anti-inflammatory effects but not to its
cholesterol-lowering effects. To test this hypothesis, we investi-
gate regional microglia, astrocyte activation, TNF-a, TNFR1/
TNFR2 expression, neuronal apoptosis in the brain, peripheral
total cholesterol concentration, and functional outcomes on the
third day after TBI. We believe our results will elucidate the
possible neuroprotective mechanisms of simvastatin in the high
cholesterol TBI model.
MATERIALS AND METHODS

Experimental Design
The overall experimental protocol is shown in Figure 1.

Induced High-Cholesterol Rat Model Methods
Five-week-old male SpragueeDawley rats were fed a high fat diet
containing 34.9% (wt/wt) fat and 301 ppm cholesterol (58Y1;
TestDiet, Richmond, Indiana, USA) for 8 weeks. The animal ex-
periments were carried out in accordance with the Guide for the
Care and Use of Laboratory Animals of the National Institutes of
Health, as well as the guidelines of the Animal Welfare Act. At the
WORLD NEUROSURGERY 132: e99-e108, DECEMBER 2019
end of the treatment period, total serum cholesterol and body
weight were measured. The blood samples were analyzed using an
auto-analyzer (Quik-Lab, Elkhart, Indiana, USA).

Traumatic Brain Injury
Animals were anesthetized and injected intraperitoneally with a
mixture of ketamine (44 mg/kg, intramuscularly [i.m.]; Nang
Kuang Pharmaceutical, Tainan, Taiwan), atropine (0.02633 mg/kg,
i.m.; Sintong Chemical Ind. Co., Taipei City, Taiwan), and
Rompun (6.77 mg/kg, i.m.; Bayer, Leverkusen, Germany). A cra-
niectomy with a 2-mm radius, 4 mm from bregma, and 3 mm
from sagittal sutures in the right parietal cortex was performed
using a stereotaxic frame. Then, the fluid percussion device (VCU
Biomedical Engineering, Richmond, Virginia, USA) was con-
nected, and the brain was injured with a 2.2 atm, 25-millisecond
percussion, which produces moderate-severity brain trauma. The
detailed procedures are available in a previous article.14

Treatment Intervention
Using the random number table, we numbered the rats in random
order and assigned them to different study groups: sham operated
(n ¼ 6); TBI treated with vehicle, dimethylsulfoxide (4%, 1 mL/kg,
www.journals.elsevier.com/world-neurosurgery e101
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Figure 5. Effects of simvastatin (Sim.) treatment on
traumatic brain injury (TBI)-induced TNF-a expression in
astrocytes 72 hours following TBI (GFAP þ TNF-a
marker) in the peri-lesioned cortex. *P< 0.05, **P< 0.01,

***P < 0.001, and ###P < 0.001 (n ¼ 6 in each group).
GFAP, glial fibrillary acidic protein; TNF-a, tumor necrosis
factor-a.
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injected intraperitoneally, K42088831, vehicle; Merck, Darmstadt,
Germany); and TBI þ simvastatin-treated (4 mg/kg or 10 mg/kg or
20 mg/kg, dissolved with dimethylsulfoxide, injected intraperito-
neally; U.S. Pharmacopeia [North Bethesda, Maryland, USA]; n ¼
6 for each dose). Simvastatin or vehicle was injected 24 and 48
hours after TBI. All tests were performed with the investigators
blind to the study groups, which were revealed only at the
conclusion of analysis.

Cholesterol Measurement
The blood was allowed to flow into the tube by capillary action
from the tail vein. After collecting the blood (1 mL), we ensured
that there was no more bleeding, and the rats were returned to
their cages. Blood samples were centrifuged 3500 rpm (1962g) for
15 minutes at 4�C to separate the serum and blood cells. The
cholesterol concentration was measured with an enzymatic
method using an Architect C8000 machine (Abbott Diagnostics,
Chicago, Illinois, USA).

Motor Function Test
An inclined plane is commonly used to measure limb strength.15

The animals were placed facing right and then left,
e102 www.SCIENCEDIRECT.com WORLD NE
perpendicular to the slope of a 20 � 20-cm buffer ribbed sur-
face of an inclined plane initially positioned at a 55� angle. To
determine the maximal angle at which an animal could remain on
the incline plane, the angle was increased or decreased in 5� in-
crements. Motor deficit measurements were conducted with left-
and right-side maximal angles on the third day after TBI.

Immunofluorescence Staining
Adjacent 6-mm sections corresponding to coronal coordinates
0.20e0.70 mm anterior to the bregma were incubated in 2 mol/L
HCl for 30 minutes, rinsed in 0.1 mol/L boric acid (pH 8.5) for 3
minutes at room temperature, and then incubated with primary
antibodies in phosphate-buffered saline containing 0.5% normal
bovine serum at 4�C overnight. After being washed in
phosphate-buffered saline, the sections were incubated with sec-
ondary antibodies for 1 hour at room temperature. The number of
immunofluorescence assayepositive cells was calculated in 5
coronal sections corresponding to the peri-ischemic cortex (400�
magnification) and expressed as the mean number of positive
cells in all 5 sections from each rat using computerized
planimetry (Image-Pro Plus Media Cybernetics, Inc., Rockville,
Maryland, USA).
UROSURGERY, https://doi.org/10.1016/j.wneu.2019.08.250
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Figure 6. Effects of simvastatin (Sim.) treatment on
traumatic brain injury (TBI)-induced TNF-a expression in
microglia 72 hours following TBI (OX42 þ TNF-a

marker) in the peri-lesioned cortex. #P < 0.05, ###P <
0.001, and ***P < 0.001 (n ¼ 6 in each group). TNF-a,
tumor necrosis factor-a.
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Apoptotic Assay in Neuronal Cells in the Cortex Using
Immunofluorescence Staining
Neuronal apoptotic cells were identified at 72 hours after TBI by
staining with terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end labeling (TUNEL).16 These procedures
followed those described previously.14 The percentage of
TUNEL-positive and Neu-Nepositive cells was calculated in 5
coronal sections from each rat in the samples and summed using
computerized planimetry (PC-based image tools software). The
following antibodies were used in this study: monoclonal mouse
anti-NeuN antibody (NeuN, MAB377; MilliporeSigma, Burlington,
Massachusetts, USA) at 1:100 dilution, which was detected with an
Alexa-Fluor 568 anti-mouse (IgG) antibody (A11031; Invitrogen,
Carlsbad, California, USA) at 1:400 dilution.
The activated microglia and astrocytes were evaluated on the

third day after TBI by detecting OX42-and glial fibrillary acidic
protein (GFAP)-positive cells using an immunofluorescent assay.17

The TNF-a expression in the activated microglia or astrocytes were
evaluated on the third day after TBI by detecting OX42 or GFAP
within TNF-aepositive cells using an immunofluorescent assay.
The percentage of OX42 or GFAP and TNF-aepositive cells in
the samples were measured in each section and summed using
computerized planimetry (PC-based image tools software). The
WORLD NEUROSURGERY 132: e99-e108, DECEMBER 2019
following antibodies were used in this study: a monoclonal
mouse anti-OX42 antibody (ab1211, 1:200; Abcam, Cambridge,
United Kingdom), monoclonal mouse anti-GFAP antibody (#3670,
1:400; Cell Signaling Technology Europe B.V, the Netherlands;),
and polyclonal rabbit anti-TNF-a antibody (ab6671, 1:200; Abcam,
Cambridge, United Kingdom); the antibodies were detected with
an Alexa-Fluor 594 anti-mouse (IgG) antibody (ab150116, 1:400;
Abcam, Cambridge, United Kingdom) and an Alexa-Fluor 488
anti-rabbit (IgG) antibody (ab150077, 1:400; Abcam, Cambridge,
United Kingdom), respectively.
TNFR1 and TNFR2 Expression Assay in Neuronal Cells
TNFR1 and TNFR2 expression in neuronal cells was evaluated on
the third day after TBI by detecting TNFR1-and TNFR2-positive
cells using an immunofluorescent assay. The following anti-
bodies were used in this study: rabbit polyclonal anti-TNFR1
antibody (ab19139; Abcam, Cambridge, Massachusetts, USA) at a
1:600 dilution detected with an Alexa-Fluo 488 anti-rabbit (IgG)
antibody (ab150077; Abcam, Cambridge, Massachusetts, USA) at a
1:400 dilution, and a rabbit monoclonal anti-TNFR2 antibody
(ab109322; Abcam, Cambridge, Massachusetts, USA) at a 1:100
dilution detected with an Alexa-Fluor 488 anti-rabbit (IgG)
www.journals.elsevier.com/world-neurosurgery e103
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Figure 7. Effects of simvastatin (Sim.) treatment on
traumatic brain injury (TBI)-induced neuronal tumor
necrosis factor-alpha receptor 1 (TNFR1) 72 hours
following TBI. Simvastatin significantly attenuated

TBI-induced neuronal TNFR1 and TNFR2 in the
peri-lesioned cortex. #P < 0.05, ##P < 0.01,
###P < 0.001, and ***P < 0.001 (n ¼ 6 in each group).
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antibody (ab150077; Abcam, Cambridge, Massachusetts, USA) at a
1:400 dilution.

Statistical Analysis
The results are expressed as the means �standard deviation of the
means for the experiments. A 2-way analysis of variance for
repeated measurements (in the same animals) was used for
factorial experiments, and the Dunnett test was used for post-hoc
multiple comparisons among means. A value of P < 0.05 was
considered significant. All of the data were analyzed using Sig-
maPlot, version 10.0 for Windows (Systat Software, San Jose,
California, USA).
RESULTS

Induced High-Cholesterol Rat Model
Table 1 shows that the high cholesterol rat was successfully
induced. The body weights of the high-cholesterol rats were
significantly increased compared with rats on a normal chow diet
(453 � 9.49 g vs. 515 � 13.6 g; P < 0.001). At the same time, the
serum cholesterol of the high-fat diet rats was significantly
e104 www.SCIENCEDIRECT.com WORLD NE
increased compared with the rats receiving a normal-chow diet
(1.44 � 0.06 mmol/L vs. 1.81 � 0.06; P < 0.001).
Significant Loss in Body Weight on the Third Day in the TBI and
Simvastatin-Treated TBI Groups
On the third day after TBI, the loss in body weight was signifi-
cantly increased in the TBI and simvastatin-treated TBI rats
compared with those of the sham controls (***P < 0.001,
Figure 2). However, no significant difference in the loss of body
weight was observed on the third day in the TBI vehicle-treated
rats compared with each of the simvastatin-treated TBI groups.
Post-TBI Treatment with Simvastatin Significantly Improved Motor
Function Outcomes
The maximal grip angle, measuring the muscle strength of the 4
limbs of the rats, on the third day after TBI was significantly lower
compared with sham controls (***P < 0.001). TBI-induced motor
dysfunction was significantly improved by 4, 10, and 20 mg/kg
simvastatin treatment, *P < 0.05, ##P < 0.01, and #P < 0.05,
respectively, compared with the TBI vehicle-treated rats (Figure 3).
UROSURGERY, https://doi.org/10.1016/j.wneu.2019.08.250
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Figure 8. Effects of simvastatin treatment on traumatic
brain injury (TBI)-induced neuronal tumor necrosis
factor-alpha receptor 2 (TNFR2) 72 hours following TBI.
Simvastatin (Sim.) significantly attenuated TBI-induced

neuronal TNFR1 and TNFR2 in the peri-lesioned cortex.
#P< 0.05, ##P< 0.01, ###P< 0.001, and ***P < 0.001
(n ¼ 6 in each group).
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Simvastatin Significantly Decreased TBI-Induced TNF-a
Expression in Astrocytes and Microglia in the Peri-Lesioned
Cortex on Day 3 after TBI
The TNF-a plus 40,6-diamidino-2-phenylindole (DAPI) double
staining showed that the percentage of TNF-a and DAPI-positive
cells in the peri-lesioned cortex region of the TBI rats was
significantly greater than that in the sham-operated rats (***P <
0.001). However, compared with the TBI vehicle-treated rats, the
percentage of TBI-induced positive TNF-a in the DAPI-positive
cells was significantly lower in the simvastatin-treated rats,
particularly in the 20 mg/kg group (###P < 0.001, Figure 4).
GFAP or OX42 plus TNF-a double staining showed that the

percentage of positive TNF-a in the activated astrocytes (Figure 5)
and microglia (Figure 6) in the peri-lesioned cortex region of the
TBI rats was significantly greater than in the sham-operated rats.
However, compared with the TBI vehicle-treated rats, the per-
centage of TBI-induced positive TNF-a in the activated astrocytes
and microglia was significantly lower in the simvastatin-treated
rats, particularly in the 20 mg/kg group (###P < 0.001,
Figures 5 and 6). These results support our hypothesis that anti-
neuroinflammation is one mechanism of the neuroprotective ef-
fects of simvastatin.
WORLD NEUROSURGERY 132: e99-e108, DECEMBER 2019
Post-TBI Treatment with Simvastatin Significantly Improved the
TBI-Induced TNFR1 and TNFR2 Expression in Neuronal Cells and
Neuronal Apoptosis in the Peri-Lesioned Cortex
In the TNFR1 plus Neu-Nestained assay, the number of positive
neuronal TNFR1 cells in the peri-lesioned cortex of the vehicle-
treated rats was significantly increased compared with those in
the sham controls (***P < 0.001, Figure 7). The TBI-induced in-
crease in the percentage of neuronal TNFR1-positive cells was
significantly attenuated by simvastatin therapy, particularly in the
20 mg/kg group (###P < 0.001, Figure 7).
Compared with the TBI vehicle-treated rats, the percentage

of TBI-induced TNFR2 plus Neu-Nestained cells was signifi-
cantly lower in the simvastatin-treated rats (##P < 0.05,
Figure 8).
Using the TUNEL assay on the third day after TBI, we found

that the percentage of apoptotic neuronal cells (Neu-N plus
TUNEL staining assays) in the peri-lesioned cortex was signifi-
cantly increased compared with that of the sham rats (***P <
0.001). Moreover, the percentage of positive apoptotic cells in
rats with TBI was significantly reduced after simvastatin treat-
ment, particularly in the 20 mg/kg group (###P < 0.001,
Figure 9).
www.journals.elsevier.com/world-neurosurgery e105
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Figure 9. Effects of simvastatin (Sim.) treatment on
traumatic brain injury (TBI)-induced neuronal apoptosis
72 hours following TBI. Simvastatin, particularly 20
mg/kg, significantly attenuated TBI-induced neuronal

apoptosis (Neu-N þ TUNEL) in the peri-lesioned
cortex. *P < 0.05 and ***P < 0.001 (n ¼ 6 in
each group). TUNEL, terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end labeling.
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Serum Cholesterol Remained High Despite Simvastatin Treatment
After TBI
Figure 10 shows that on the third day following TBI, the serum
cholesterol was significantly increased in the TBI vehicle-treated
rats compared with that in the sham controls (*P < 0.05).
Moreover, the serum cholesterol remained high despite simva-
statin treatment at 4, 10, and 20 mg/kg after TBI.
DISCUSSION

In the current study, simvastatin, which permeates the bloode
brain barrier and has clear pharmacokinetic activity,18 was
administered for 3 consecutive days after TBI in rats with pre-
existing hypercholesterol. The findings showed that even though
simvastatin did not lower the serum cholesterol in these rats, it
attenuated the neuroinflammation in the peri-lesioned region and
the motor deficits induced by TBI in rats with pre-existing
hypercholesterol. To our knowledge, our study is the first to
reveal neuroprotection associated with anti-neuroinflammation
using simvastatin therapy in the pre-existing hypercholesterol
TBI rat model.
e106 www.SCIENCEDIRECT.com WORLD NE
Wang et al.19 reported that simvastatin subcutaneously
injected at 20 mg/kg/day for 3 days after TBI suppresses
inflammatory cytokine mRNA expression in the parenchyma
and diminishes hippocampal degeneration. In our previous
study, we demonstrated that simvastatin, administered at 20
mg/kg for 4 consecutive days, might constitute an effective
therapeutic neuroprotector against TBI-induced depression-like
behavior via anti-neuroinflammation.6 In this article, we further
showed that simvastatin therapy, particularly at the 20 mg/kg
dose, in the acute stage following TBI attenuates microglia and
astrocyte activation, TNF-a expression, and neuronal apoptosis
in rats with pre-existing hypercholesterol that were fed a
high-fat diet.
The brain is very cholesterol-rich, and it contains approxi-

mately 20% of the whole body’s cholesterol.20 Demediuk et al.21

reported that the total cholesterol level of the injured rat brain
tissue was decreased significantly at 10 minutes, 4 hours, and
24 hours after TBI, which indicates the excess cholesterol may
be due to injury-induced neuronal damage and resulting mem-
brane debris. Kay et al.4 demonstrated that, following TBI,
patients show an increase in cholesterol in the CSF when
UROSURGERY, https://doi.org/10.1016/j.wneu.2019.08.250
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Figure 10. Effects of simvastatin (Sim.) treatment on serum total
cholesterol concentration. Traumatic brain injury (TBI) significantly
increased the total serum cholesterol concentration. However, total
serum cholesterol remained high despite simvastatin treatment. *P < 0.05,
***P < 0.001, #P < 0.05, and ##P < 0.01 (n ¼ 6 in each group).
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sampled at admission. These authors proposed the increase in
CSF cholesterol may result from the disturbance in the
remodeling of lipoprotein particles and the recycling of
cholesterol.
In current study, on the third day after TBI, even though we did

not measure the cholesterol level in the central nervous system, we
found that total serum cholesterol was significantly increased, and
it further increased despite simvastatin treatment. It is possible
that the high level of serum cholesterol may result from excretion
of cholesterol from the injured brain because of the disrupted
bloodebrain barrier after TBI22 and secondary injury following
TBI. Since cholesterol is converted to bile salt in the liver,
absorbed in the intestine, and carried by low-density lipopro-
tein,22 we propose the brainegut axis may play a role in the
regulation of intestinal lipid and lipoprotein metabolism after
TBI.23 However, this possibility needs to be investigated in future
work.
The neuroprotection of simvastatin in experimental TBI has

been attributed to its anti-inflammatory effects on vascular
endothelial inflammation,10 the involvement of the TLR4/NF-
kappaB pathway in the injured rat brain,11 or the decrease in
astromicroglia and TNF-a expression in the hippocampus.6 In
the current study, we contribute new information that
simvastatin attenuated neuronal TNFR1 activation, microglial/
astrocyte activation, TNF-a expression in activated microglia/
astrocyte, and neuronal apoptosis in the peri-lesioned cortex in
the high-fat dieteinduced, high-cholesterol rats after TBI. One
possible explanation for the decreased expression of the
neuroprotector TNFR2 in the simvastatin-treated groups might be
WORLD NEUROSURGERY 132: e99-e108, DECEMBER 2019
that fewer neurons are associated with lower TNFR2 expression
after TBI.
The harmfulness of high cholesterol to the central nervous

system has been reported, as it induces neuroinflammation or an
immune response characterized by glial activation, proin-
flammatory cytokines, and cytokine expression in a ischemia brain
injury model24 and a low-density lipoprotein knock-out mouse
model.3 However, in a prospective study of critically ill surgical
patients, Gordon et al.25 found that patients with neurologic
conditions had markedly less hypercholesterolemia in
comparison with those without brain pathology. Krisanova
et al.26 reported that lowering cholesterol, which constitutes
membrane proteins involved in synaptic transmission, may
cause harmful consequences by decreasing glutamate uptake in
nerve terminals. In the current study, we found that high levels
of serum cholesterol in the statin groups significantly decreased
neuroinflammation after TBI. Cholesterol is an essential
structural component for the plasma membrane and myelin,
maintaining neuronal physiology.27 The optimal level of serum
cholesterol in this specific condition needs to be clarified in the
future.
Issues Worth Investigating in the Future
Several issues worth investigating in the future should be
mentioned. First, in the current study, we focus on the effects of
pre-hyperlipidemia hypercholesterol on TBI in the experimental
rat. Whether these neurobehavioral and neuroinflammatory pa-
rameters were significantly different between rats fed with a high-
fat diet and normal-diet rats after TBI is worth investigating.
Second, we chose only male subjects in light of the potential sex

differences in cholesterol metabolism28 and neuroprotective
effects that occur following TBI, especially in the pre-existing
hypercholesterol condition.
Third, in the current study, we only tested simvastatin effects on

TBI using an insult of moderate severity (2.2 atm). Whether pre-
existing hypercholesterol is harmful after mild (1.8 atm) and
high severity (2.4 atm) TBI insults, and whether treatment with
simvastatin has neuroprotective effects is worth clarifying.
Fourth, in the current study, given that acute pharmacologic

interventions have shown short-term postinjury therapeutic ef-
fects, the long-term outcome of simvastatin on TBI-induced
neuroinflammation could be investigated in follow-up studies.
Fifth, we did not measure the cholesterol level in brain tissue or

CSF, which may accurately reflect the status of the time course of
cholesterol metabolism in the rats with pre-existing hyper-
cholesterol after TBI. Therefore, it is worth investigating the
changes in the brain lipid profile over time following TBI in the
hypercholesterol rats.
Finally, in our previous study, we demonstrated that pre-

existing hyperlipidemia is an independent risk factor for the
development of depression after TBI.29 We also found that
simvastatin therapy in the acute stage attenuates brain trauma-
induced depression-like behavior in rats.6 Therefore, we believe
that, by using the hypercholesterol experimental animal model,
we can conduct more in-depth investigations about the
www.journals.elsevier.com/world-neurosurgery e107
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associations among hypercholesterol, post-TBI depression, and
statin treatment.

CONCLUSIONS

Our results show that the administration of simvastatin for 3
consecutive days in the acute stage following TBI counteracts
neuroinflammation in the ischemic cortex and attenuates motor
deficits induced by TBI in rats with pre-existing hypercholesterol,
e108 www.SCIENCEDIRECT.com WORLD NE
without decreasing the serum cholesterol levels. This effect might
represent one mechanism responsible for the neuroprotective ef-
fect of simvastatin.
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