
Statins in Traumatic Brain Injury

Elissa F. Wible* and Daniel T. Laskowitz*†‡

*Department of Medicine (Neurology), †Department of Anesthesiology, and ‡Department of Neurobiology, Duke University
School of Medicine, Durham, North Carolina 27710

Summary: Traumatic brain injury (TBI) is a common cause of
long-term neurological morbidity, with devastating personal and
societal consequences. At present, no pharmacological interven-
tion clearly improves outcomes, and therefore a compelling unmet
clinical need remains. 3-hydroxy-3-methylglutaryl coenzyme A
reductase inhibitors, or “statins,” offer a potential novel therapeu-
tic strategy for TBI. Statins are well tolerated, easy to administer,
and have a long clinical track record in critically ill patients. Their
side effects are well defined and easily monitored. Preclinical

studies have shown significant benefit of statins in models of TBI
and related disease processes, including cerebral ischemia, intra-
cerebral hemorrhage, and subarachnoid hemorrhage. In fact, mul-
tiple mechanisms have been defined by which statins may exert
benefit after acute brain injury. Statins are currently positioned to
be translated into clinical trials in acute brain injury and have the
potential to improve outcomes after TBI. Key Words: Statin,
HMG CoA reductase inhibitor, closed head injury, neuroin-
flammation, traumatic brain injury.

INTRODUCTION

Traumatic brain injury (TBI) is one of the most com-
mon and financially devastating health problems in our
society. There are an estimated 1.5 million cases of TBI
annually in the United States, with at least 235,000 re-
sultant hospitalizations and approximately 50,000 fatal-
ities per year.1 More than 5 million persons in the United
States are TBI survivors. Once the acute care period has
ended, many TBI patients are left with motor, cognitive,
or emotional dysfunction as a result of their injury.2

Although several therapies have shown benefit in pre-
clinical models, there has been a notable failure of clin-
ical translation, with a large number of late phase II and
III trials failing to confirm benefit in human subjects.
Thus, the treatment of TBI remains largely supportive,
directed toward management of cerebral edema and in-
tracranial hypertension via temporizing measures, such
as administration of osmotic agents, hyperventilation,
and ventricular drainage.3 None of these interventions
have been definitively demonstrated to improve long-
term functional outcome.4 The failure of preclinical ther-
apies to translate into clinical benefit may derive from
the heterogeneity of TBI pathology, which includes dif-
fuse axonal injury, cerebral contusion, intracerebral hem-

orrhage (ICH), subarachnoid hemorrhage (SAH), and
extraparenchymal hemorrhage. These primary insults are
exacerbated by a secondary neuroinflammatory cascade
of cerebral hypoperfusion and ischemia, oxidative stress,
cerebral edema, and intracranial hypertension.
The 3-hydroxy-3-methylglutaryl coenzyme A (HMG

CoA) reductase inhibitors, also known as “statins,” are
an ideal candidate therapy for acute brain injury. Statins
influence multiple mechanisms of acute and secondary
neuronal injury; they have endothelial and vasoactive
properties, as well as anti-oxidant, anti-inflammatory,
anti-excitotoxicity, and anti-thrombotic effects. Statin
treatment would be practical to implement in TBI be-
cause statins have wide availability, Food and Drug Ad-
ministration approval, a favorable adverse event profile,
and a track record of safety in critically ill populations.

CLASSIFICATION OF STATINS

All statins contain an HMG-like component that
binds to HMG-CoA reductase.5 Other molecular char-
acteristics vary across the class, including potency,
lipophilicity, metabolism, and pharmacokinetics. Lo-
vastatin, pravastatin, and simvastatin are obtained
from fungi; atorvastatin, rosuvastatin, fluvastatin, and
pravastatin are synthetic.6 Statin potency refers to the
degree of HMG-CoA reductase inhibition. Rosuvasta-
tin is the most potent due to its ability to form multiple
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polar bonds with the HMG-CoA reductase enzyme.
Atorvastatin is the next most potent, followed by sim-
vastatin, fluvastatin, and pravastatin.5 Whether the sta-
tin potency is important in neuroprotection after TBI is
unknown, as many of the proposed mechanisms are
not related to HMG-CoA reductase inhibition. Prava-
statin and rosuvastatin are hydrophilic due to polar
groups, whereas lovastatin, atorvastatin, fluvastatin,
and simvastatin are lipophilic.5,6 The lipophilic drugs
tend to diffuse more readily across cell membranes,
thereby making these drugs more readily absorbed into
tissues to affect intracellular processes or cause tox-
icity. Statins are variably metabolized by the cyto-
chrome P450 (CYP450) system; statins using these
pathways are more likely to cause myopathy because
other drugs also using the same pathway may increase
statin plasma levels. The lipophilic statins more often
use the CYP450 system and therefore have a higher
incidence of myopathy.6 Simplistically, bioavailability
is the amount of drug available to nonhepatic cells.
Cerivastatin is the most bioavailable at 60% and was
withdrawn from the market due to high rates of my-
opathy. The rest of the group is between 14 and 24%
bioavailable, with the exceptions of lovastatin and
simvastatin, with less than 5% bioavailability.5,6 Ro-
suvastatin and atorvastatin have a long half-life (20
and 14 hours, respectively) compared with the remain-
ing statins (�3 hours).5,6

EFFICACY OF STATINS IN PRECLINICAL
MODELS OF ACUTE BRAIN INJURY

Statins are potent inhibitors of cholesterol biosynthe-
sis7 via HMG-CoA reductase inhibition. Statins are
widely used to decrease low-density lipoprotein (LDL)
levels and lower the risk of cardiovascular events. As
clinical experience with statins has increased, evidence
suggests that the cardiovascular benefit may not solely be
related to cholesterol lowering, but also to systemic and
vascular anti-inflammatory effects. There is growing ev-
idence that statins have additional properties that are
neuroprotective, also independent of serum cholesterol
effects.8 The therapeutic effects of statins in brain injury
may be divided according to mechanism from most acute
to more chronic: acute lesional effects, anti-inflammatory
and anti-excitotoxic effects, vascular and endothelial ef-
fects, anti-apoptotic effects, and effects on neurogenesis
and angiogenesis (FIG. 1, Table 1).

Acute lesional effects
There is some weak evidence from preclinical studies

implying that statins may modulate the initial parenchy-
mal damage in TBI. For example, cortical contusional
volume was decreased when rats were treated with lova-
statin prior to experimental TBI,9 although this result
was not replicated with simvastatin or atorvastatin.10

When animals were treated with statins post-injury, no

FIG. 1. Statin effects in traumatic brain injury (TBI). Bax/Bcl-2 � Bcl-2 associated X protein; BBB � blood brain barrier; BDNF �
brain-derived neurotrophic factor; eNOS � endothelial isoform of nitric oxide synthase; PKB � protein kinase B; PI3K � phosphoino-
sitide-3-kinase; VEGF � vascular endothelial growth factor; VEGFR2 � vascular endothelial growth factor receptor 2; vWF � von
Willebrand Factor.
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difference was seen in the acute lesional volume.11 In
another animal TBI model, atorvastatin increased the rate
of resorption of intraparenchymal and intraventricular
hematomas, although no difference in hematoma volume
was seen initially or at 15 days post-injury.12 Because the
initial mechanical insult accounts for only a small part of
the ultimate injury in TBI, and statins, at best, only
modestly change the initial contusions and hematomas, it
seems unlikely that statins change the initial parenchy-
mal damage to any clinically significant degree.

Effects on inflammation and excitotoxicity
The neuroinflammatory response after TBI causes sec-

ondary neuronal cell death subacutely via excitotoxic
injury, lipid peroxidation, blood-brain barrier (BBB)
breakdown, and cerebral edema. Edema and intracranial
pressures (ICP) usually peak 72 to 96 hours after injury.
Ventricular drainage of CSF, osmotic agents, hyperven-
tilation-induced cerebral vasoconstriction, and induced
hypothermia are effective in transiently reducing ICP.13

However, none of these interventions has been defini-

Table 1. Animal Models Testing Statins in Traumatic Brain Injury

Reference (Date) Type of Injury Animal Histologic Outcomes Functional Outcomes

Lu et al.11 (2004) CCI Rat Increased perilesional and
hippocampal neuron
survival, increased
neuronal synapses,
increased angiogenesis

Improved motor function at
days 4–14

Lu et al.12 (2004) CCI Rat Increased rate of
hematoma resorption

NT

Lu et al.40 (2004) CCI Rat Decreased vessel
thrombosis

NT

Lu et al.41 (2004) CCI Rat Decreased intravascular
thrombosis

Improved spatial memory

Qu et al.43 (2005) CCI Female rat Increased hippocampal and
perilesional neuron
survival; increased
neuronal process
survival in hippocampus
only; increased vessel
density

Improved spatial memory at
day 15, no change in
sensorimotor function

Lu et al.44 (2007) CCI Rat Increased hippocampal
neuron survival;
increased neurogenesis;
increased angiogenesis

Improved spatial learning at
days 31–35

Wang et al.10 (2007) CHI Mouse Decreased glial activation;
decreased TNF� and
IL-6; no change in
eNOS

Improved motor function at
day 5, improved spatial
learning at day 24

Chen et al.19 (2008) CCI Rat Decreased cerebral edema Improved motor function at
day 1, but not at days 3–7

Mahmood et al.59 (2008) CCI Rat Increased cellular
proliferation

Improved motor function at
days 7–90

Wu et al.45 (2008) CCI Rat Decreased apoptosis Improved motor function at
days 7–35

Wu et al.46 (2008) CCI Rat Increased neurogenesis,
increased BDNF and
VEGF

Improved spatial learning at
days 34–35

Chen et al.16 (2009) CCI Rat Decreased cerebral edema,
decreased BBB
permeability, decreased
apoptosis

Improved motor function at
day 1

Turkoglu et al.18 (2009) CCI Rat Decreased cerebral edema,
lipid peroxidation, and
degeneration of
myelinated axons

NT

BBB � blood-brain barrier; BDNF � brain-derived neurotrophic factor; CCI � controlled cortical impact; CHI � closed head injury;
eNOS� endothelial isoform of nitric oxide synthase; IL-6� interleukin-6; mNSS� modified neurological severity scores; NT� not tested;
TNF� � tumor necrosis factor-�; VEGF � vascular endothelial growth factor.
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tively demonstrated improved survival or functional out-
come.4 Similarly, no immunomodulatory interventions
have shown benefit in TBI, and some strategies (such as
the administration of glucocorticoids) are associated with
worse outcomes.14 Thus, a better understanding of how
to selectively dampen the destructive effects of neuroin-
flammation would hold great promise in developing new
therapeutic strategies.
Statins have been demonstrated to exert an anti-in-

flammatory response in the injured CNS, in part by de-
creasing the formation of isoprenoids, which are inter-
mediate structures in cholesterol metabolism and play an
important role in mediating inflammatory responses. In
fact, a number of preclinical brain injury models have
demonstrated that statin administration is associated with
reduced inflammatory mediators, glial activation, cere-
bral edema, and increased BBB integrity.
Preclinical models of TBI have demonstrated a post-

traumatic upregulation of inflammatory mediators. In
particular, tumor necrosis factor-� (TNF-�),9,15 interleu-
kin-6 (IL)-6,15 and IL-1�9 are increased and associated
with the loss of BBB integrity, likely contributing to
cerebral edema. Recently, the toll-like receptor (TLR) 4
pathway has been proposed as the mechanism by which
these mediators cause inflammation after TBI.16 TLR4 is
activated by molecular products of injury, including
heat-shock proteins,17 intracellular molecules from rup-
tured cells, and products of cell degradation or proteol-
ysis. TLR agonism is associated with nuclear transloca-
tion of nuclear factor-�B, a transcription factor that is
associated with the upregulation of inflammatory medi-
ators, including IL-1�, TNF-�, IL-6, and intracellular
adhesion molecule-1 (ICAM-1).16 In a rat TBI model,
simvastatin, given after cortical contusion, decreased
both the mRNA and protein expressions of TLR4 and
nuclear factor-�B.16 In both pre-injury and post-injury
treatment models, animal studies have demonstrated that
statin treatment decreases IL-1�,9,16 TNF-�,9,10,16 IL-
6,10,16 and ICAM-116 levels in the acute or subacute
period after traumatic injury.
A reduction in neuroinflammatory mediators may also

be associated with stabilization of the BBB after trauma,
an effect that is consistent with a reduction in cerebral
edema observed in several animal TBI models.16,18,19 In
cultures of human BBB endothelia, lovastatin and sim-
vastatin were shown to decrease the translocation of both
albumin and sucrose, but not normal leukocytes.20 Mi-
croglia (i.e., the resident immune cells of the brain) are
implicated in the secretion of glutamate, reactive oxygen
species, and other inflammatory mediators, which may
exacerbate cerebral edema and secondary neuronal in-
jury. Microglial markers increase after experimental
TBI, peak at 24 hours, and continue for 7 days. The
administration of atorvastatin significantly decreased this
response at all time points measured.10 In addition to

reducing oxidative stress via downregulation of micro-
glial activity, statins decreased the production of other
harmful oxygen free radicals, such as superoxide, when
baseline inflammation was present.21

Various statins have been shown in large clinical trials
to decrease systemic markers of inflammation, such as
high sensitivity C-reactive protein.22–24 However, clini-
cal data in TBI remains preliminary. In the only prospec-
tive study of statins in TBI patients, 8 were treated with
rosuvastatin and 13 were given a placebo. No difference
was found between the groups in the median IL-1� or
TNF-� levels; in fact, contrary to animal models, median
IL-6 levels were increased in the statin-treated group.25

However, it is worth noting that rosuvastatin has limited
CNS penetration, and thus it is difficult to draw definitive
conclusions for the effect of statins on CNS inflamma-
tion based on of this small pilot study.
Excitotoxicity may also contribute to secondary early

neuronal loss after TBI. Excitatory neurotransmitters,
such as glutamate, are released from damaged cells. Glu-
tamate binding to N-methyl-D-aspartate (NMDA) recep-
tors leads to sodium ion influx with further neuronal
depolarization. Calcium influx also increases, activating
intracellular calcium-dependent catalytic enzymes and
leading to neuronal autophagy.26 Statins have been as-
sociated with a reduction of glutamate excitotoxicity,
either via changes in the cell cholesterol metabolism,27,28

activation of TNF receptor 2 signaling,29 or other as yet
unknown mechanisms.26

Although many proposed statin effects are cholesterol-
independent, statins may exert a neuroprotective effect
through decreased cholesterol production. In neuronal
cell culture, simvastatin decreased intracellular choles-
terol levels and decreased NMDA-receptor associated
cell death, but did not change NMDA receptor levels.28

Because approximately 60% of the NMDA receptors are
associated with cholesterol-rich lipid rafts in the cell
membrane, one possible mechanism of statin-induced
neuroprotection is a decreased association of the NMDA
receptors with these lipid rafts. This might be due to an
internalization of receptors, deeming them nonfunc-
tional, or a change in protein configuration and function-
ality when the receptors are not associated with the lipid
rafts.28

Vascular and endothelial effects
Statins positively affect the vasculature by improving

endothelial function and reducing microthrombosis. This
is a potentially important mechanism, as cerebral hypo-
perfusion and ischemia can exacerbate neuronal injury
after TBI and impaired vascular responses have been
described in both preclinical and clinical settings.30 In
laboratory studies, statins are associated with a reduction
in post-traumatic hypoperfusion and rebound hyper-
emia.10 Cerebral autoregulation is impaired after TBI,
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with the pial arterioles unable to respond to changes in
PCO2 and PO2.

31 The lack of normal vasomotor reactiv-
ity renders the already compromised brain exquisitely
sensitive to modest hypoxemia or relative hypotension
that would otherwise be well tolerated. In fact, episodes
of hypotension are common in the head-injured popula-
tion and are significantly associated with poor out-
comes.32,33

Vascular endothelium regulates smooth muscle tone
via nitric oxide (NO) pathways. The endothelial isoform
of nitric oxide synthase (eNOS) is constitutively ex-
pressed in the cerebrovascular endothelium and mediates
vasodilation. Statins selectively upregulate eNOS, inde-
pendent of changes in serum cholesterol.34,35 Statin treat-
ment has been shown to increase eNOS mRNA, protein,
and enzymatic activity up to three-fold, resulting in an
increase in cerebral blood flow.36–39 However, the data is
mixed, as decreased eNOS RNA levels were found in
one murine model of TBI, and eNOS RNA levels were
unchanged by statin treatment.10 Therefore, the exact
role of eNOS in TBI is unclear, although it remains
possible that statins could affect the eNOS system down-
stream from transcription.
Statins also reduce intravascular thrombosis in preclin-

ical models.40 In a rat TBI model, thrombosed vessels
were seen post-injury bilaterally throughout the brain,
most notably in the contused cortex, peri-contusional
boundary zone, and ipsilateral hippocampus. Intravascu-
lar thrombosis was present as soon as 1 hour, peaked at
4 to 72 hours, and returned to controlled levels within 15
days. Specifically, thrombosis increased until day 3 in
the peri-contusional areas and ipsilateral hippocampus,
referred to as delayed thrombosis.40 Administration of
atorvastatin within 24 hours of injury decreased the level
of delayed thrombosis significantly at days 3 and 8 post-
TBI.40,41 This statin-associated decrease in intravascular
thrombosis correlated with a reduction in necrotic brain
tissue,41 suggesting that the thromboses led to a critical
reduction in tissue perfusion. Pathologically, thromboses
include platelets, fibrin, and von Willebrand factor. An
increase in systemic platelet activity and von Willebrand
factor levels mirrored the time pattern of thrombosis,
also peaking at days 1 to 3, and being significantly de-
creased by atorvastatin treatment.40 These preclinical
studies are consistent with clinical evidence suggesting
that statins decrease thrombotic markers in other forms
of acute brain injury. For example, a significant reduc-
tion in circulating von Willebrand factor was seen in
patients treated with simvastatin after aneurysmal SAH,
which could potentially reduce microvascular dysfunc-
tion.42 Other potential mechanisms of enhanced perfu-
sion associated with statins include the downregulation
of adhesion molecules and stabilization of endothelial
function.

Effects on apoptosis
A reduction in programmed cell death is another

mechanism by which statins may improve outcomes.
TBI causes both a loss of neurons and a decrease in the
normal neuronal architecture in the peri-contusional ar-
eas and ipsilateral hippocampus. Various animal models
have shown improvement of neuron survival in both
areas with statin administration.10,11,43,44 Neuronal loss
may continue up to 35 days post-TBI, and statin treat-
ment decreases the degree and rate of hippocampal neu-
ron loss.44 Statins suppress the activation of caspase-3, a
key protease in the apoptotic pathway, as early as 1 day
after statin treatment. Apoptotic cell death was subse-
quently decreased by statin treatment in the ipsilateral
hippocampus and peri-contusional cortex.45 In addition,
the ratio of Bax/Bcl-2 is significantly reduced in simv-
astatin-treated animals, favoring an anti-apoptotic envi-
ronment; this reduction was associated with an improve-
ment in delayed cognitive function.44

Effects on neurogenesis and synaptogenesis

In addition to protecting existing neurons from apo-
ptosis after TBI, there is evidence that statin administra-
tion promotes the growth and differentiation of new neu-
rons. Animal TBI models demonstrate new cells with
markers of neuronal differentiation, suggesting that TBI
itself induces neurogenesis.11,44 Statin treatment in-
creases cells with markers of proliferation found in the
hippocampus, and more of these new cells differentiate
into neurons.44,46 This effect persists as long as 35 days
after brain injury.44 The increase in neurogenesis may be
related to an upregulation of neurotrophic factors, such
as brain-derived neurotrophic factor (BDNF) and vascu-
lar endothelial growth factor (VEGF). Statins increase
BDNF in peri-ischemic zone endothelial cells in animal
models of stroke. Neuronal cell migration in cell culture
is enhanced by statins and suppressed by anti-BDNF
antibodies, suggesting BDNF-related mechanism to neu-
ronal migration.47 Consistent with the data from the
stroke model, BDNF was increased in the hippocampi of
statin-treated animals at day 7 after TBI.46 Additionally,
although VEGF is named for its promotion of angiogen-
esis, it also increases neurogenesis and axonal sprout-
ing.47

The phosphoinositide-3-kinase/Akt pathway is one
possible mechanism by which neurotrophic factors, such
as BDNF, may be upregulated. The phosphoinositide-3-
kinase/Akt pathway is important in neuronal cell growth,
cell survival, neuronal differentiation, and protein syn-
thesis.45,48 Preclinical studies have demonstrated that st-
atins increase phosphorylation of this pathway.46 In an
animal TBI model, simvastatin treatment improved his-
tological and functional outcomes, increased Akt activa-
tion at days 1 through 7, and increased downstream
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targets of the Akt pathway in the hippocampi and corti-
ces.46 In addition to increasing neurotrophic factors, Akt
activation shifts cells away from apoptosis. Phosphory-
lation of Akt leads to the inactivation of pro-apoptotic
proteins, such as Bcl-249 and forkhead transcription fac-
tor (FOXO1), and activation of anti-apoptotic proteins
inhibitory-�B (I�B) and eNOS.45 Therefore, statin in-
duction of Akt phosphorylation may affect multiple sys-
tems to improve functional outcomes after TBI. Other
neurotrophic mechanisms promoted by statins, which
have animal or cell culture support, include the modula-
tion of neuromigratory proteins (doublecortin and tubu-
lin isotype II).47

This upregulation of neurotrophic factors and neuro-
genesis has also been associated with increased synap-
togenesis. Synaptophysin is associated with the presyn-
aptic terminal and is decreased in the peri-contusional
cortex. Statin treatment increases synaptophysin staining
in the peri-contusional cortex and ipsilateral hippocam-
pus, reflecting either a protective effect from secondary
injury on the synapse or an increase in synpatogenesis.11

Animal ischemic stroke models have indicated similar
results, showing that low-dose statins increase synapto-
physin and activate cortical neuronal phosphoinositide-
3-kinase/Akt and downstream Erk pathways.50 Increased
synaptogenesis after statin use may be mediated by phos-
phorylated Akt, which is important for synaptic plasticity
and memory consolidation.49

Effects on angiogenesis
Statins have been shown to promote angiogenesis in

both TBI and ischemic stroke models.47,50 Overall, the
upregulation of VEGF and an increase in NO/eNOS
system may be the mechanisms by which statins increase
angiogenesis. In stroke models, statins increase angio-
genesis in the ipsilateral hemisphere47,50 and signifi-
cantly increase VEGF47,50,51 and VEGF receptor 2
(VEGFR2)47 within the ischemic penumbra. Antagonism
of either the VEGF system47,50 or the NO system50 in
cell culture decreases this statin-induced angiogenesis.
The increase in blood vessel growth appears to be inde-
pendent of cholesterol-lowering, as it occurs even in
normocholesterolemic animals, an effect presumably
mediated via the activation of Akt and subsequently
eNOS.52 The NO then leads to angiogenesis by enhanc-
ing endothelial cell proliferation and migration.53 TBI
models have similarly demonstrated increased angiogen-
esis and VEGF levels with statins.46 Contused murine
cortex has decreased density, diameter and length of
blood vessels, but statins partially ameliorate these ef-
fects.41,43 Statins increase capillary density and newly-
formed vessels in the pericontusional cortex and hippocam-
pus.11,44 However, care must be taken in determining statin
dosage, as there appears to be a biphasic effect of statins on
angiogenesis in both cell culture and animal ischemic stroke

models; low-dose statins typically increase angiogenesis,
whereas high-dose statins may inhibit angiogenesis.50,51

PRECLINICAL MODELS OF ACUTE
BRAIN INJURY

Because TBI is inherently heterogeneous, any poten-
tial treatment should be shown to be efficacious across
multiple different preclinical models of acute brain in-
jury prior to human trials. Traditionally, head injury
models are performed in rodents; a craniotomy allows
for a reproducible injury, such as fluid-percussion or
controlled cortical impact, to be directly applied to the
brain parenchyma.54 This type of model creates a repro-
ducible and well-defined area of tissue injury. However,
these injuries may not be clinically relevant, as human
TBIs often occur through an initially intact skull with
energy transfer from the skull to the intracranial contents.
In addition, rapid acceleration–deceleration forces, such
as those that occur during a motor vehicle collision,
combine with torsional forces to produce a shearing of
the long white matter tracks or diffuse axonal injury.
Other tissue injuries include cortical contusion and hem-
orrhage, subarachnoid hemorrhage, intraventricular hem-
orrhage, and subdural and epidural hematoma. To ad-
dress the limitations of open craniotomy models,
weight-drop models were constructed to more closely
mimic an impact against the closed skull. A recently
developed technique uses a calibrated, stereotactically
guided, pneumatic impact to the closed skull.10,55–57

Indeed, more clinically relevant injuries are produced,
along with the resultant short-term neurologic and longer-
term cognitive deficits.58

Statins have demonstrated benefit in a variety of animal
TBI models. The improvement in biochemical and histo-
logical markers seen with statins after experimental TBI are
supported by better functional outcomes. Improved perfor-
mance on neurological severity score, Rotarod latency, co-
rner turn, and Morris water maze testing have all been
demonstrated after statin treatment.9–11,41,45,46,59 The ben-
eficial effect of statins appear to be a class effect, with
the exception of a study reported by Lu et al.,44 who
found a statistically significant improvement with sim-
vastatin but not atorvastatin. Gender effects have not
fully been studied, as most models to date have been
performed in male animals. In a study of female rats,
statin-treated animals performed better than the control
group in tests of spatial memory at 2 weeks post-injury,
but had no improvement at any time point in sensorimo-
tor function.43 Previously, the same authors had shown
improvement in both spatial memory and sensorimotor
function in a parallel study of male rats.11

One advantage to preclinical modeling is that different
features of TBI pathology may be recreated. As previ-
ously described, TBI pathology is often heterogeneous.
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Preclinical data supports the benefit of statins in many of
these disease processes. The most compelling preclinical
data is in experimental SAH, where statins have been
demonstrated to reduce vasospasm and improve out-
comes after SAH in the mouse,39,60 rat,61,62 rabbit,39,63

and dog.64 Similarly, statin treatment has been shown to
improve outcomes in murine models of intracranial hem-
orrhage65,66 and acute ischemic stroke.67–69

CLINICAL EXPERIENCE WITH STATINS
FOR THE TREATMENT OF ACUTE

BRAIN INJURY

Preclinical models clearly show a benefit of statins in
TBI. However, clinical data remains sparse (Table 2).
There are no large prospective studies of statins in mod-
erate to severe TBI. Recently, a small prospective, ran-

domized, double-blind trial compared 8 patients who had
moderate TBIs and received rosuvastatin (20 mg daily
for 10 days) starting within 24 hours of injury with 13
patients who had comparable injuries, but were given a
placebo. Rosuvastatin treatment was associated with a
decreased duration of amnesia, although there were no
differences in 3-month outcomes in this small pilot
study. Of importance, the authors note that the rosuvas-
tatin group had a somewhat worse degree of TBI at
baseline than the placebo group.25

After preclinical data suggesting neuroprotection, st-
atins have also been considered in other forms of acute
brain injury commonly associated with TBI. Clinical
data on statins in ICH is mixed. A small retrospective
study of ICH found that pre-stroke statin use was asso-
ciated with a reduction in mortality70 and perihematomal

Table 2. Prospective Randomized Clinical Trials of Statins after Acute Brain Injury

Reference (Date)
Disease
Process Total (n)

Trial
Design Dosing Paradigm Clinical Outcomes

Lynch et al.42 (2005) SAH 39 Prospective,
randomized,
placebo-
controlled

Simvastatin, 80 mg
daily for 14 days

Decreased vasospasm,
decreased DIDs

Tseng et al.75 (2005)
and Tseng et al.94

(2007)

SAH 80 Prospective,
randomized,
placebo-
controlled

Pravastatin, 40 mg
daily for 14 days

Decreased vasospasm,
decreased DIDs,
decreased mortality.
Improved favorable
outcome (mRS 1 or
2) at 6 months.

Blanco et al.91

(2007)
Ischemic
stroke

89 Prospective,
randomized

For patients on
chronic statin
therapy:
atorvastatin, 20
mg daily for 3
days vs statin
withdrawal for 3
days, and then
atorvastatin, 20
mg daily for at
least 3 months

In the statin-
withdrawal group:
increased mortality
and increased early
neurologic
deterioration

Chou et al.76 (2008) SAH 39 Prospective,
randomized,
placebo-
controlled

Simvastatin, 80 mg
daily for as
many as 21 days

No difference in
mortality,
angiographic
vasospasm, or DIDs

Montaner et al.95

(2008)
Ischemic
stroke

60 Prospective,
randomized,
placebo-
controlled

Simvastatin, 40 mg
daily for 7 days,
then 20 mg daily
until day 90

No difference in mRS
or NIHSS at 3
months

Tapia-Perez et al.25

(2008)
TBI 21 Prospective,

randomized,
placebo-
controlled

Rosuvastatin, 20
mg daily for 10
days

Improved amnesia
and orientation. No
difference in DRS
at 3 months

Vergouwen et al.77

(2009)
SAH 32 Prospective,

randomized,
placebo-
controlled

Simvastatin, 80 mg
daily for 14 days

No difference in
vasospasm, DIDs,
or GOS at 3 or 6
months

DIDs� delayed ischemic deficits; DRS� disability rating score; GOS� Glasgow outcome score; mRS� modified Rankin scale; NIHSS�
National Institutes of Health stroke scale; SAH � subarachnoid hemorrhage; TBI � traumatic brain injury.
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edema.71 Similarly, from the prospective Israeli stroke
registry, patients with ICH on chronic statin therapy had
less neurologic deficit on admission, an increased likeli-
hood of a good neurologic outcome, and decreased mor-
tality, despite having more comorbidities and a higher
rate of warfarin therapy.72 However, a larger retrospec-
tive study found no difference in ICH volume or out-
comes associated with previous statin use.73 In the set-
ting of acute ischemic stroke, preclinical data suggests
that the acute administration of statins may also be as-
sociated with neuroprotection, and the safety and feasi-
bility of this approach is currently being evaluated in a
pilot clinical study.74

At present, the best prospective data in critically ill
patients with acute brain injury is in aneurysmal SAH, in
which two small, prospective clinical studies demon-
strated a benefit with statins. In 2005, Lynch et al.42

found that simvastatin (80 mg daily for 14 days) reduced
the incidence of vasospasm and biomarker surrogates of
endothelial dysfunction and CNS inflammation. These
results were concordant with the study by Tseng et al.,75

who demonstrated that pravastatin (40 mg daily for 14
days) improved surrogate measures of vasospasm and
functional outcomes. Two other small prospective stud-
ies also demonstrated safety and feasibility of statin use
in SAH, but did not show statistically significant im-
provement in vasospasm, delayed ischemic deficit, or
functional outcomes.76,77 It is worth noting that practice
patterns for SAH treatment in many institutions had al-
ready changed to include statins after the first two studies
were reported, despite mixed evidence in subsequent
retrospective78,79 and prospective cohort studies.80,81

Hopefully the role of statins in acute SAH will be clar-
ified by the prospective, multicenter SimvaSTatin in An-
eurysmal Subarachnoid Hemorrhage (STASH) trial.82,83

FUTURE DIRECTIONS

Combination therapy
Despite the heterogeneity of TBI and its secondary

responses, most therapeutic trials to date have tested an
individual therapy with one focused mode of action. In
2008, the National Institute of Neurological Disorders
and Stroke (NINDS), with support from the National
Institute of Child Health and Development, the National
Institute of Heart, Lung, and Blood, and the Department
of Veterans Affairs convened a workshop to discuss the
opportunities and challenges of testing combination ther-
apies for TBI.84 Given their favorable adverse event
profile and pleiotrophic effects, statins are an excellent
candidate for combination therapy.
One example of combination therapy is the concomi-

tant use of statins and fibrates, which are peroxisome
proliferator-activated receptor � agonists. Peroxisome
proliferator-activated receptor � is a nuclear receptor that

regulates glucose metabolism, lipoproteins, and lipids,
and has multiple effects on inflammatory and oxidative
mediators. The combination of statins with fibrates syn-
ergistically increases peroxisome proliferator-activated
receptor � activity and inhibits nuclear factor-�B. Feno-
fibrate alone decreases cerebral edema, inflammatory
markers, and the volume of cerebral injury, while im-
proving the neurologic functional score in rats after ex-
perimental TBI.85 Because statins and fibrates can have
synergistic effects, the combination was tried. Rats given
both fenofibrate and simvastatin at 1 and 6 hours post-
injury had improved neurologic function at 2, 3, and 7
days compared to the controls. Monotherapy with either
agent initially improved neurologic function, but did not
improve outcomes at 3 or 7 days. Finally, if treatment
was delayed by 3 and 8 hours post-injury, benefit in
neurologic function was only seen with the fibrate-statin
combination.19

Simvastatin and marrow stem cells have also been
shown to improve the functional outcome of rats up to 90
days after experimental TBI, both when used as a mono-
therapy and synergistically when given sequentially. The
synergistic effect may be mediated by increased delivery
of marrow stem cells to the peri-contusional area by
statin-induced angiogenesis, and subsequent activation
and survival of marrow stem cells secondary to trophic
factors released from the new blood vessels.59

Clinical trial designs for statins in TBI
There are many practical and theoretical advantages to

using statins for acute brain injury. Statins are well tol-
erated, easy to administer, and have a long clinical track
record of safety in critically ill patients. Their side effects
are well defined and easily monitored. Before designing
a clinical trial to definitively answer whether statins have
a role in the management of TBI, several variables must
be clarified, including which statin should be used, the
dosage, the timing of initial therapy, and the duration of
treatment.
The choice of a particular statin for use in a TBI

study is clearly an outstanding question. The palliative
effect of statins most likely represents a class effect.
Preclinical studies of TBI have used mostly atorvasta-
tin10–12,41,43,44,61 and simvastatin,10,16,19,45,46,59,64,86

which are relatively lipophilic, and therefore have better
BBB penetration.87 Hydrophilic statins have minimal
penetration across the BBB.87 However, neuroprotection
has been demonstrated even with hydrophilic statins,
such as rosuvastatin67 and pravastatin,75 presumably due
to vascular and anti-inflammatory effects, although
breach of the BBB is common after acute brain injury. In
fact, the pilot trials evaluating statins in SAH used both
lipophilic and hydrophilic statins (simvastatin42 and
pravastatin,75 respectively), with a similar decrease in
cerebral vasospasm. It is not known whether potency or
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the ability of a particular statin to lower cholesterol is
important in the setting of neuroprotection. Indeed, st-
atins across the potency spectrum have been shown to be
effective in animal models of stroke and TBI. Pharma-
cokinetic properties may also be an important consider-
ation in designing a clinical trial, which would favor
statins with a longer half life, such as atorvastatin and
rosuvastatin. Another consideration is the metabolism of
simvastatin and atorvastatin by the CYP3A4 enzymatic
pathway. Rosuvastatin, fluvastatin, and pravastatin do
not use this pathway and are therefore subject to fewer
interactions with antifungals, macrolides, calcium chan-
nel blockers, and other drugs.5 This may be particularly
relevant in critical care, as polypharmacy is common.
Potential adverse effects of statins (most commonly

myositis and transaminitis) should be closely moni-
tored during clinical translation. Fortunately, these ef-
fects tend to be self-limited and are easily monitored.
Moreover, statins have been demonstrated to be safe in
a critically ill patient population with acute brain in-
jury.42,75,76 Patients should also be closely evaluated for
other potential adverse effects of statins in the setting of
acute brain injury. For example, it was recently discov-
ered that chronic simvastatin treatment increased demy-
elination and decreased subsequent remyelination in a
murine multiple sclerosis model, and this was unex-
pected as it was not observed during acute treatment.88

Questions also remain regarding long-term therapy in
patients prone to ICH, as statin therapy and/or low LDL
may increase the risk of primary ICH89 or hemorrhagic
transformation of ischemic tissue.90

The timing and duration of statin administration also
appears to be important. Many preclinical studies admin-
istered statins within hours to 1 day after TBI, and so the
time window for initial drug administration is unclear.
Randomization into two dosing arms, one hyperacute
and one acute, would be one way to delineate the optimal
timing of the first dose. Although there is evidence of
acute effects of statins, there are also likely benefits from
subacute and chronic mechanisms, and this would favor
a longer time window for initial medication administra-
tion. The optimal duration of statin therapy is also un-
known. Pilot trials of statins in SAH gave 14 days of
therapy,42,75 as the majority of cerebral vasospasm oc-
curs within this time. Duration of therapy in preclinical
trials is variable. Although most studies administer only
3 to 14 days of statin therapy, improvement in motor and
cognitive function after this treatment has been demon-
strated up to 35 days after injury.44–46 Therefore, mea-
surements of long-term outcomes are important, even
after a short drug course. Finally, clinical trials in both
stroke and SAH suggest the possibility of a rebound
effect and worsening outcomes when statins are with-
drawn.75,91,92 Future studies should carefully consider
the potential adverse effects of randomizing patients on

chronic statin therapy to a control group or the premature
termination of statin treatment.
Thus, despite the clear promise of HMG CoA reduc-

tase inhibitors for TBI, a number of unanswered ques-
tions remain prior to clinical trial design. Some of these
challenges are inherent in TBI trials, such as the diffi-
culty in adequately powering a randomized clinical trial
and choosing sensitive functional endpoints.93 It would
be advantageous to include surrogate endpoints in early
trials to establish benefit on specific mechanisms of ac-
tion. Short-term biochemical and clinical surrogates for
TBI could include markers of cerebral edema, intracra-
nial pressure, endothelial function, and/or neuroinflam-
mation. Long-term motor and cognitive endpoints should
be included to establish effects on chronic recovery of
function. Ultimately, the definitive clinical trials will
need to define the effects of statins on clinically relevant
and sensitive functional outcomes.93

CONCLUSIONS

The use of statins remains a novel therapeutic strategy
for TBI. There is robust preclinical data demonstrating
the efficacy of statins in acute brain injury models that
recapitulate the heterogeneous pathology of clinical TBI.
Animal studies have defined mechanisms by which st-
atins may improve outcomes after TBI and should guide
statin choice and dosing paradigm for clinical translation.
Future prospective clinical trials should incorporate
acute surrogate biochemical or clinical endpoints as
well as define subacute clinical functional outcomes.
Thus, although statins represent a promising new therapy
in an area with compelling unmet clinical need, addi-
tional preclinical and prospective clinical studies are nec-
essary before this potential can finally be realized.
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